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8 | The amygdala on alert
Let me tell you a story.
“One late Friday night Julie Almond took a wrong turn. She was in a hurry to get 
home for her boyfriend's graduation party, who had just finished a surprisingly 
successful Ph.D. in cognitive neuroscience. After work she had gone out of her way to 
buy him a special gift, a beautiful small mounted owl in a round glass dome. Not too 
long ago they had met in a natural history museum and had loved the old-fashioned 
diorama's with dusty stuffed animals and hand-painted background sceneries. Julie 
couldn't wait to see the look on his face when he would unwrap the gift. But the 
clerk in the shop had taken more time than she could afford, and now she was late. 
Some of his friends were probably already there. Carrying the precious package, she 
decided it was better to avoid the busy street, and cut through using the underpass. 
Julie had never liked this particular underpass. It was dark and always eerily quiet, 
to the point of desolate. She descended the steps. The underpass was darker than 
she had expected it to be, some of the overhead lights were flickering in an erratic 
fashion, some were out completely. She hesitated, but turning back would be a waste 
of time. So Julie picked up her courage, and started walking. Immediately, a striding 
figure appeared from the shadows to Julie's left. She hadn't seen anybody standing 
there. It was a short man with a red face. He said hi. Julie clutched on to the gift, 
wanted to quicken her pace, but the man was now blocking her way. She instantly 
turned around, but he grabbed her by her coat. She was looking right into his red 
face now. The man was smiling, yet his smile was without emotion. He put his hand 
around Julie's throat and slowly pushed her against the wall of the underpass. She 
could feel the dampness of the wall saturate her coat. Neither of them said anything. 
Julie could hear herself breathing heavily as she looked down. Her heart was 
pounding like crazy. Endless time passed as the man got something out of his right 
pocket and moved it to Julie's face. It was shiny and as soon as she felt the cold blade 
of the knife touch her cheek, Julie dropped the package. She heard the glass breaking. 
No owl could save her now. The man started pulling off her coat, and Julie closed her 
eyes. She wanted to shout but nothing came. Then she heard a sound. As if awakened 
from a dream, she looked around and saw people approaching from the other end 
of the underpass. They were shouting something. Julie felt the strength in her arms 
come back and franticly started to hit the dark figure in front of her. The people 
were almost there now, and the red-faced man let go. He looked at Julie, but wasn't
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smiling anymore. Then he ran off. Finally released from his grasp, Julie let herself 
slide down against the damp wall. She cried, and tried to pick up the glass which 
scattered pieces lay on the floor around her. At that moment, the people arrived and 
her ordeal was over. In the hospital the cut on Julie's cheek was attended to. When 
the bandage was on, a young friendly psychiatrist in training came to visit her in the 
emergency ward. He asked her what had happened, and Julie told her story."
1.1 The (incomplete) stress story
When confronted with a situation like Julie’s a host of things happen. Your 
heart starts pounding, you breathe fast and heavily and a thin film of sweat forms on 
the palms of your hands, while you mentally function in an acute state of alertness 
and fear. Your body prepares to fight or flight. We know this because we feel this, 
but how does it work? A wealth of animal research, mostly in rodents, has made 
considerable progress in uncovering the molecular and cellular underpinnings of 
the main autonomic and neurohormonal stress systems that underlie these acute 
responses to stress. However, up to now it still remains largely unknown how the 
stress response is implemented at the systems-level in humans. Neuroimaging now 
provides the tools to address this issue and the research described in this thesis 
attempts to translate some of what we know about the temporally distinct phases 
of the stress response from animal research to the systems-level in humans using 
functional magnetic resonance imaging (fMRI). But before we get to the specific 
research questions, some background on basic principles of the stress response is 
needed.
1.1.1 The central LC-NE system
Put less literary, but more scientifically the red-faced man constitutes 
an immediate threat to Julie’s stable biological and mental state of equilibrium, 
referred to as homeostasis (Selye, 1955; McEwen, 2007). The highly preserved set 
of physiological and psychological functions that serve to meet this challenge and 
restore the equilibrium are collectively referred to as the stress response (Ulrich-Lai 
and Herman, 2009). In acute situations of psychological stress, like Julie’s, there is a 
surge in arousal and vigilance that serves to optimize the detection and assessment
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of any threat to homeostasis by prioritizing sensory processing of potentially 
relevant (threat-related) information (de Kloet et al., 2005). This initial upregulation 
of vigilance is thought to be mediated by rapid, centrally-acting catecholaminergic 
pathways, originating from the pontine locus coereleus (in case of norepinephrine) 
and the midbrain ventral tegmental area and substantia nigra (in case of dopamine) 
(Arnsten, 2009). The locus coereleus-norepinephrine (LC-NE) system has 
projections throughout the entire neuraxis and is the primary source of NE in the 
forebrain (Sara, 2009). This makes it uniquely equipped and positioned to serve a 
general alarm function in the context of stress. When activated by a wide variety of 
intrinsic and extrinsic stressors the LC-NE system shifts its firing pattern towards a 
high tonic discharge mode that subsequently tunes large parts of the central stress 
circuitry, including amygdala, to facilitate the perceptual assessment of threats and 
generate adaptive behavioral responses (Valentino and Van Bockstaele, 2008). The 
upregulation of vigilance in response to salient or stressful stimuli is particularly 
mediated through direct coupling of the LC-NE system and the amygdala (Joels and 
Baram, 2009), which are richly and reciprocally connected (Van Bockstaele et al., 
2001). Activation of the LC leads to increased NE levels in the amygdala (Galvez et 
al., 1996; Quirarte et al., 1998). In turn the LC receives regulatory corticotrophin- 
releasing hormone containing feedback connections from the central nucleus of the 
amygdala, as well as from the paraventricular nucleus of the hypothalamus and 
others regions (Valentino and Van Bockstaele, 2008). Despite amygdala’s central 
position in the stress circuitry and its crucial role in the upregulation of vigilance, 
it is currently unclear how acute, psychological stress affects amygdala function on 
the systems-level in humans. Moreover, most if not all of the aforementioned brain 
mechanisms underlying the immediate stress response remain uncharacterized 
in humans. Recent neuroimaging studies have reported increased perfusion of 
prefrontal and insular regions (Wang et al., 2005), and a paradoxical reduction 
of activation in limbic areas, including amygdala and hippocampus (Pruessner 
et al., 2008) in response to a experimental stressor. However, the applied stress 
paradigms in these studies center on difficult mental arithmetics under socially- 
evaluative conditions, which makes it questionable whether such paradigms 
offer an ecologically valid model for the process at issue, being Julie’s potentially 
traumatic experience.
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1.1.2 The autonomic nervous system
In parallel to this rapid, centrally-acting LC-NE system, there is the 
autonomic nervous system (ANS) with its sympathetic and parasympathetic arms 
that together orchestrate the fast peripheral response to stress. The sympathetic 
and parasympathetic arms of the ANS, usually, but not necessarily always operate 
in antagonistic fashion. Activation of the sympathetic sympatho-adrenomedullary 
(SAM) axis, originating in the hypothalamus leads to excitation of preganglionic 
neurons in the spinal cord that in turn project to autonomic end organs throughout 
the body, including the adrenal medulla. This swiftly increases levels of epinephrine 
(from adrenal medulla) and norepinephrine (from sympathetic nerve ends) that 
promote a host of autonomic changes that prepare Julie’s body to fight-or-flight 
(Cannon, 1929). These include an increase in heart rate and blood pressure, energy 
mobilization, vasodilatation of blood vessels surrounding skeletal muscles and lungs, 
dilation of lung bronchi promoting oxygen uptake, and peripheral vasoconstriction 
(Ulrich-Lai and Herman, 2009). Peripheral epinephrine cannot cross the blood- 
brain barrier, and acts on the central stress circuitry through activation of the 
vagal afferents to the nucleus of the solitary tract (NTS) that in turn, together with 
the LC, promotes various stress-related functions in the amygdala, most notably 
prioritized memory formation and consolidation (see below) (McGaugh and 
Roozendaal, 2002). In contrast, activation of the parasympathetic arm of the ANS 
leads to a suppression of heart rate by altering the vagal tone to the heart and lungs 
(Porges, 1995), and an increase in blood flow to the gastrointestinal tract promoting 
digestion and energy conservation. The parasympathetic response to stress is 
mainly mediated by the nucleus ambiguus. The LC-NE system and the ANS interact 
by means of LC projections to the hypothalamus (Ulrich-Lai and Herman, 2009). 
Furthermore, limbic forebrain regions involved in vigilance regulation, including the 
amygdala can also indirectly activate the ANS. These stress systems, the centrally- 
acting LC-NE system and the ANS, shape Julie’s first response to threat and center 
on promoting vigilance and instantly initiating the optimal behavior to meet the 
challenge, including preparing to fight-or-flight. However, almost as crucial as the 
immediate activation of these stress systems in response to threat, is their proper 
and timely cessation. Recent theory suggests that sustained activation of mostly 
NE-driven central stress circuits after the stressful event may play a crucial role in 
the development of stress-related mental disease (Morgan et al., 2003; Krystal and
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Neumeister, 2009). However, this highly relevant time window referred to as the 
immediate aftermath of stress stays uncharacterized in humans.
1.1.3 The hypothalam ic-pituitary-adrenal axis
On a slightly slower time-scale, activation of the hypothalamic-pituitary- 
adrenal (HPA) axis leads to neurohormonal changes that underlie the more 
sustained components of the stress response, like the normalization of homeostasis 
and the long-term retention of stress-related memories for future reference (de 
Kloet et al., 2005). Stress activates the HPA-axis starting with the paraventricular 
nucleus of the hypothalamus (PVN) that secretes the neuropeptides corticotrophin- 
releasing hormone (CRH) and arginine vasopressin (AVP). These drive the 
anterior pituitary to release adrenocorticotropic hormone (ACTH) that in turn 
travels through the blood stream to the adrenal cortex where it promotes the 
synthesis and secretion of glucocorticoids (cortisol in humans, corticosterone in 
rodents). Circulating glucocorticoids then promote a host of peripheral effects, 
including immunosuppression, energy mobilization, and inhibition of growth and 
reproductive systems, next to potentiating numerous sympathetically mediated 
effects. Importantly, glucocorticoids also enter the brain where they impact 
on central stress circuitry through binding to two intracellular receptors: the 
mineralocorticoid receptor (MR) or the glucocorticoid receptor (GR). The MR 
exhibits a 6 to 10-fold higher affinity for glucocorticoids than the GR (Reul and 
de Kloet, 1985). This leads to a striking difference in occupation under different 
conditions and time of day with about 90% of MRs and only a small fraction of GRs 
occupied during the circadian trough (PM phase in humans) and MR-saturation and 
approximately 70% of GR occupied during acute stress or the circadian peak (AM 
phase in humans) (Lupien et al., 2007). MRs are predominantly expressed in limbic 
areas such as the hippocampus, the amygdala and the PVN. Through transcriptional 
regulation they are continuously involved in maintaining viability and excitability 
of stress circuits and setting the threshold of stress responsivity. Recently, a low- 
affinity membrane variant of the MR has been described that is thought to have 
a fast, non-genomic effect in concert with catecholamines and CRH (Joels et al., 
2008). GRs are more ubiquitously expressed in the brain, including limbic areas 
and the prefrontal cortex. When activated by stress-levels of glucocorticoids, they 
mediate the somewhat slower, genomic aspects of the stress response, like gradual
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termination of the response and the storage of stress-related information in 
preparation for future events. Thus, the effects of glucocorticoids on the brain, apart 
from the membrane-bound MR, require some time to develop and could last hours 
to even days. This makes them likely candidates to underlie the less acute, and more 
long-term aspects of Julie’s traumatic experience like its strong mnemonic imprint.
In general, emotional or stressful events have a privileged status in 
memory (LaBar and Cabeza, 2006). An established animal literature posits 
that this superiority effect of emotional or stress-related memory is related to 
neuromodulatory action during both the formation and consolidation phases 
of memory (McGaugh and Roozendaal, 2002; de Quervain et al., 2009). These 
neuromodulators, primarily norepinephrine and cortisol, are thought to exert their 
regulatory influence on memory primarily through potentiation of the amygdala 
that subsequently modulates mnemonic processing by the hippocampus and other 
brain regions. Specifically, peripheral epinephrine induces the release of NE in the 
basolateral part of the amygdala by activating the vagal afferents of the NTS, that 
has direct and indirect (via LC) noradrenergic projections to the amygdala. Here NE 
binds to (3- and a1-adrenoreceptors, which in synergistic interaction with cortisol 
binding to GR results in cAMP formation (McGaugh, 2004). On a neurophysiological 
level, the enhanced consolidation of emotional memories is thought to arise 
from synchronized theta-oscillations within the amygdala that promote synaptic 
plasticity by facilitating interaction between temporal lobe structures involved 
in memory and neocortical storage sites (Pelletier and Pare, 2004). These effects, 
although reasonably well established in animals, are far from being understood in 
humans. Recently, a handful of studies, some using neuroimaging, have started to 
translate these principles on the interaction of stress and memory to the systems- 
level in humans (e.g. Henckens et al., 2009), indeed indicating that NE modulates 
amygdala activation during successful encoding of emotional items (Strange and 
Dolan, 2004) or that a cortisol-elevating stressor applied after learning of emotional 
items augments their consolidation (Cahill et al., 2003). However, many questions 
remain unanswered, for instance how cortisol precisely affects the consolidation 
process on the systems-level in humans.
1.1.4 Possible long-term consequences of stress
Often aversive or traumatic experiences like Julie’s are not confined to the
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traumatic episode itself, but have long-term effects and may even precipitate stress- 
related mental disease, such as post traumatic stress disorder (PTSD) and depression 
(Charney, 2004; de Kloet et al., 2005). Collectively, the described physiological and 
psychological responses to acute stress, such as the surge in vigilance, the bodily 
preparation to fight-or-flight and enhanced mnemonic processing of stress-related 
information serve clear adaptive function.
However, in case of very severe or prolonged stress, or in certain phenotypically 
vulnerable individuals, there is a failure to adequately contain and more importantly, 
timely constrain these responses to acute stress (Yehuda and LeDoux, 2007). This 
results in a situation of so-called allostatic load (McEwen, 2007), in which the means 
surpass the goal and prolonged disturbances of the LC-NE system, the ANS and the 
HPA-axis may be at the basis of PTSD and depression. For instance, under pathological 
conditions of excessive stress NE/cortisol-dependent over-consolidation of stress 
memories may underlie the development of traumatic memory traces, as in PTSD 
(Pitman, 1989; Rauch et al., 2006). Similarly, a chronic state of depression is 
characterized by aberrant HPA-axis activity and hypercortisolaemia.
On a systems-level, the neurocircuitry of both depression and PTSD is 
critically centered on the amygdala. Neuroimaging studies in depression have 
consistently demonstrated hyperreactivity of the amygdala and connected 
regions such as the thalamus, the insula, and the ventral aspect of the anterior 
cingulate cortex (vACC) to negatively valenced stimuli (Drevets, 2000; Phillips et 
al., 2003b). This set of brain regions that shows considerable overlap with central 
stress circuitry is thought to form a (para)limbic network that is involved in the 
processing of biologically salient information, and the generation of affective states, 
including autonomic bodily arousal (Phan et al., 2002; Phillips et al., 2003a; Kober 
et al., 2008). Current neuropathophysiological models of depression suggest that 
specifically overactivation of this affective processing network, in combination with 
a failing modulatory influence from prefrontal areas, may underlie the negative 
perceptual and mnemonic processing biases characteristic for depression (Mayberg 
et al., 1999; Drevets, 2000; Phillips et al., 2003b). Similarly, a recurrent observation 
in neuroimaging studies in PTSD is that of exaggerated amygdala reactivity to 
trauma-related (Liberzon et al., 1999), as well as generally threatening (Rauch et 
al., 2000; Shin et al., 2005) and even emotionally neutral material (Hendler et al., 
2003). This hyperreactivity of amygdala is generally interpreted as an exaggerated
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fear response or as indicative of a general state of hyperarousal. Reduced activation 
has been found in PTSD in the ventromedial prefrontal cortex (vmPFC) and ACC 
(Etkin and Wager, 2007), regions implicated in emotional regulation and awareness 
respectively.
Given the apparent relation between perturbed stress hormone action and 
the emergence and persistence of stress-related disease, drugs that act on these 
stress-related neuromodulators may prove an especially valuable therapeutic 
approach. Pharmacological treatments that target the HPA-axis (either by elevating 
or lowering levels of cortisol or CRH) in the context of depression or PTSD have 
shown mixed results and currently lack consensus (Pitman and Delahanty, 
2005; de Quervain et al., 2009). However, drugs that regulate NE and serotonin 
neurotransmission through reuptake inhibition (separately or in combination) are 
used with considerable success in both disorders (Nutt, 2002; Schloss and Henn, 
2004; Davis et al., 2006). Recent neuroimaging studies have begun to investigate 
the effect of this type of medication on amygdala reactivity on the systems-level in 
depressed patients as well as healthy controls (Sheline et al., 2001; Harmer et al., 
2006; Norbury et al., 2007). However, their influence on the affective and stress- 
related neurocircuitry as a whole remains unknown.
1.2 The amygdala
A confluent point of innervation and regulation of all these different stress 
systems is the amygdala. Hence this subcortical structure takes up a central position 
in this thesis. First described by the anatomist Burdach in 1819 this almond-shaped 
structure lies deep within the temporal lobe just before and above the hippocampus 
(see figure 1.1) and consists of several subnuclei (e.g. the basolateral, central, and 
medial nucleus) that form distinct anatomical and functional units (Swanson and 
Petrovich, 1998). However, given the limited spatial resolution of present-day fMRI 
this 'amygdaloid complex’ will be treated as a homogeneous structure referred to 
as the amygdala throughout this thesis. In initial studies with primates, bilateral 
temporal lobe resection (including both the amygdala and the hippocampus) led 
to 'psychic blindness’, where monkeys exhibited a striking absence of emotional 
motor and vocal reactions normally associated with stimuli or situations eliciting 
fear or anger, next to an increased tendency to examine objects orally and
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increased sexuality (collectively known as the Klüver-Bucy syndrome, (Klüver and 
Bucy, 1939)). Later studies using spatially more restricted lesions added a role 
of the amygdala in emotional learning (Weiskrantz, 1956). Since then, a host of 
systemically built-up experimental work in rodents has delineated the paramount 
role of the amygdala in fear conditioning (LeDoux, 1996; Phelps and LeDoux, 2005). 
This is a form of emotional learning in which a previously neutral stimulus gets to 
elicit defensive behavior and physiological responses after being associated with an 
aversive event (Maren, 2001).
The amygdala has similarly been shown to mediate a range of emotional 
functions in humans. This started with the investigation of rare patients with 
relatively selective bilateral amygdala lesions resulting from calcification due 
to Urbach-Wiethe disease. These patients do not acquire a normal conditioned 
autonomic response in the context of aversive conditioning paradigms (Bechara et 
al., 1995), which impairs emotional decision making (Bechara et al., 1999), and fail 
to show the normal enhancement in memory for emotional material (Cahill et al.,
1995). The emergence of neuroimaging techniques like fMRI have made it possible 
to study amygdala function in healthy volunteers. Initial studies highlighted the 
role of amygdala in the processing of emotional facial expressions (Morris et al.,
1996), and attempts have been made to translate animal findings on amygdala's 
role in fear learning to the systems-level in humans (LaBar et al., 1998; Morris et al., 
1998).
Extending its role in fear learning, current theory suggests that the 
amygdala is primarily involved in threat detection and vigilance regulation (Phelps 
and LeDoux, 2005; Whalen, 2007). Thus, the emerging view on amygdala function 
is that of a sentinel, a watchful gatekeeper that evaluates the environment for threat 
cues and facilitates enhanced sensory processing (leading to vigilance) by lowering 
the perceptual thresholds in relevant sensory brain regions (Davis and Whalen, 
2001; Vuilleumier and Pourtois, 2007). This processing of threat-related material 
by amygdala does not depend on conscious awareness of the situation (Phelps 
and LeDoux, 2005), and is believed to be partly driven by incompletely processed, 
relatively coarse, low spatial frequency features of visual stimuli (Vuilleumier et 
al., 2003; Alorda et al., 2007), like large, fearful eye whites (Whalen et al., 2004). In
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this view amygdala reactivity is not restricted to fear-inducing stimuli, but extends 
to stimulus situations that are incongruent or ambiguous and therefore in need 
of greater vigilance and attention, like temporal uncertainty (Herry et al., 2007; 
Whalen, 2007).
Finally, recent work by Seeley and colleagues on resting-state networks 
suggests that the amygdala, together with other emotion processing regions, like 
ACC, anterior insula and various brainstem regions, forms an intrinsic connectivity 
network that is particularly geared towards ‘personal’ salience processing; that is: 
the continuous integration of the affective, autonomic, and visceral representations 
of biologically salient events in the environment to guide adaptive behavior (Seeley 
et al., 2007).
1
Figure 1.1.
Anatomical location o f  amygdala (blue) with respect to the hippocampus 
(green). Adapted from (Phelps, 2004).
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1.3 General outline of thesis
Reflecting on the science behind Julie’s experience it becomes clear that 
despite the impressive level of detail knowledge on the cellular and molecular 
mechanisms underlying the stress response in animals, translation to the systems- 
level in humans is currently lacking. The central aim of this thesis is to use an 
integrative approach combining neuroimaging, experimental stress induction, 
pharmalogical manipulation, and various neurocognitive paradigms that probe 
emotional processing and memory, in an attempt to translate some of these 
stress principles to the systems-level in humans. In doing so, we focus on four 
pivotal time points in the temporal chain of events as they could relate to Julie’s 
experience, namely the acutely stressful state, its immediate aftermath, the first 
night of consolidation, and a possible long-term outcome in the form of stress- 
related disease. Given amygdala’s continuous involvement throughout the entire 
timeline of studied events, and its crucial position within the central stress circuitry 
in general, this brain structure is the main region of interest throughout the thesis.
We will start with the immediate response to stress. In chapter 2, we 
investigated the effect of an experimentally-induced, acutely stressful state on 
amygdala function in healthy volunteers. As discussed, in case of psychological 
stress, an immediate surge in arousal and vigilance serves to facilitate the 
perceptual and cognitive assessment of any threat to homeostasis (de Kloet et al., 
2005). By lowering perceptual thresholds in relevant sensory areas, like extended 
visual cortex (Vuilleumier and Pourtois, 2007), the amygdala is thought to subserve 
this process of threat detection through vigilance regulation (Davis and Whalen,
2001). For this, it depends largely on fast, direct noradrenergic innervation from 
the LC-NE system (Valentino and Van Bockstaele, 2008; Sara, 2009). Although a 
heightened sensitivity to threat serves clear adaptive function in adverse, stressful 
states where the failure to detect a potentially harmful event could be fatal, it 
may come at the cost of decreased specificity (Ohman and Mineka, 2001). At a 
minimum, resulting false positives represent unnecessary increases in allostatic 
load by initiating metabolically demanding responses to innocuous stimuli. 
However, together with an augmented alert for threat, decreased specificity under 
acute stress may constitute a maladaptive state in which both exaggeration and 
overgeneralization of fear responses potentially contribute to emotional trauma
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etiology, as in PTSD (Rauch et al., 2006). Despite the strong link between stress 
and amygdala-dependent vigilance, these concepts have never been investigated 
in direct experimental conjunction on the systems-level in humans. Therefore, 
we developed an integrated design using fMRI to study the immediate effect of 
controlled stress induction on amygdala function. Specifically, amygdala reactivity 
to angry, fearful, and happy faces was assessed in an either acutely stressful or 
emotionally neutral context, as induced by corresponding short movie clips that 
directly preceded and followed the emotional processing task. Using this design, 
we tested the prediction that an acute, transient state of stress drives the amygdala 
(and related visual areas) towards enhanced processing of the emotionally salient 
stimuli (i.e., heightened sensitivity). Moreover, we tested whether acute stress 
biases these regions towards greater sensitivity to the negative, threat-related faces 
(angry and fearful) specifically, or whether stress may promote the processing of all 
emotional faces (incl. happy) in an unselective fashion (i.e., lowered specificity).
Whereas in chapter 2 we study amygdala function under acutely stressful 
conditions, in chapter 3 we ask what happens to amygdala function when the 
direct threat ceases to exist. This critical time window, referred to as the immediate 
aftermath of stress, has recently been suggested to play an important role in 
the development of stress-related disease (Morgan et al., 2003). Specifically, the 
sustained activation of primarily NE-driven central stress circuits after the stressful 
event may result in allostatic load (McEwen, 2007), and in case of severe stress 
even be at the basis of trauma etiology (Yehuda and LeDoux, 2007; Krystal and 
Neumeister, 2009). To date, however, the immediate aftermath of stress remains 
largely uninvestigated on the systems-level in humans. Anatomically the focus of 
this chapter goes beyond the amygdala. As described above, the amygdala and the 
pontine LC are tightly coupled in the context of acute stress to promote the initial 
surge in vigilance and arousal (Valentino and Van Bockstaele, 2008). The amygdala 
is additionally coupled to dACC and AI, key regions in autonomic-interoceptive 
processing (Critchley, 2005; Craig, 2009), to mediate the autonomic arousal that 
accompanies vigilant states. Jointly these brain regions are described to form a 
so-called, previously described salience processing network (Seeley et al., 2007). 
In an attempt to characterize the immediate aftermath of acute stress, we thus 
investigated spontaneous post-stress brain activation using fMRI, focusing on this
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amygdala-centered salience or stress network. Specifically, using a seed-based 
connectivity analysis, we probed sustained functional coupling of the amygdala (as 
seed region) with the rest of the brain during a resting-state condition that marked 
the end of a prolonged period of experimentally-induced stress. Placebo-controlled 
stress induction was similar as described in chapter 2. Using this set-up, we tested 
the prediction that enhanced functional connectivity between amygdala and LC (as 
main source of NE innervation), and between amygdala and dACC and AI (as main 
constituents of the salience processing network) characterizes the direct aftermath 
of acute stress on the systems-level in humans.
In the face of adversity it not only pays to put up your guard (chapter 2), 
and keep it up no longer than necessary (chapter 3), but also to make a strong 
mnemonic imprint of the adverse event itself and its most poignant characteristics. 
As we have seen, stress-related or generally aversive events have a privileged 
status in memory (LaBar and Cabeza, 2006), which according to an established 
animal literature depends on neuromodulatory action during memory encoding 
and consolidation (McGaugh and Roozendaal, 2002; Roozendaal et al., 2009). The 
amygdala, driven by NE and cortisol, is thought to modulate mnemonic processing 
by the hippocampus during and after stress/arousal resulting in a relative retention 
benefit for emotionally negative or stressful memories as opposed to more neutral 
information. In the pharmalogical fMRI study described in chapter 4, we take a 
step back from experimental stress induction and focus more specifically on the 
question how the stress hormone cortisol mediates the latent process of prioritized 
memory consolidation for emotional memories during first post-encoding sleep. 
Memory consolidation can be conceptualized as the gradual stabilization and 
integration of initially fragile memory traces into long-term storage (Marr, 1970; 
McGaugh, 2000), a process that is thought to be specifically facilitated during sleep 
(Diekelmann and Born, 2010). When it concerns emotional memories, recent theory 
suggests this consolidation process not only serves to preserve the informational 
core of the emotional memory trace, but also to attenuate its affective charge 
through integration into conceptualized, semantic memory networks (Walker and 
van der Helm, 2009). Often in neuroimaging studies the consequences of memory 
consolidation (at retrieval) are measured rather than the more elusive process 
of consolidation itself (Takashima et al., 2006). A handful of partly inconclusive,
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behavioral studies have suggested a facilitatory role of cortisol on emotional memory 
consolidation in humans (Buchanan and Lovallo, 2001; Cahill et al., 2003; Maheu et 
al., 2004; Kuhlmann and Wolf, 2006, but see: Plihal and Born, 1999; Wagner et al., 
2005). Despite these, it remains currently unknown how exogenous cortisol during 
post-encoding sleep affects the actual reorganization of emotional memory traces as 
a result of their prioritized consolidation. Hence, we administered hydrocortisone 
during a polysomnographically-monitored night of sleep directly after healthy 
volunteers studied a set of negatively charged and emotionally neutral pictures in a 
double-blind, placebo-controlled, between subjects design. The following evening 
memory consolidation was probed during a recognition test in the MR scanner 
by a so-called remote vs recent memory paradigm (Takashima et al., 2006) that 
assesses the difference in memory for the items studied before sleep (remote) and 
new items that were studied just prior to the recognition test (recent). Note that 
the contrast of remote vs recent items is hypothesized to reflect the reorganization 
of memory traces as a consequence of consolidation, since only the remote items 
transition through a phase of sleep-dependent memory consolidation. Using this 
set-up, we predicted that hydrocortisone administration specifically enhances the 
consolidation benefit for emotional (vs. neutral) material (McGaugh and Roozendaal,
2002). Furthermore, based on recent theory on emotional depotentiation during 
sleep (Walker and van der Helm, 2009), we predicted that hydrocortisone affects 
the reorganization of limbic circuitry coding the emotional charge leading to altered 
reactivation patterns during retrieval.
Collectively, an adequate response to acute stress (chapter 2), the successful 
termination of this response in the aftermath of stress (chapter 3), and the 
enhanced consolidation of stress-related, but depotentiated memories (chapter 4), 
all help prevent, in conjunction with multiple other genetically and environmentally 
determined factors (de Kloet et al., 2005), possible adverse long-term outcomes 
of stress. One pathological endpoint of stress is depression (McEwen, 2007). As 
discussed, the affective neurocircuitry underlying depression is crucially centered 
on amygdala and connected regions, such as ACC, insula and thalamus (Drevets, 
2003) that together form a (para)limbic affective processing network (Phillips 
et al., 2003a). This network exhibits considerable anatomical, and perhaps also 
functional overlap with central stress circuits and networks hypothesized to
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process salience (Seeley et al., 2007). We also discussed that drugs that target 
stress-related neurotransmitters are successfully used to treat depression, like 
selective serotonin (and norepinephrine) reuptake inhibiters (ssri's or snri’s). 
In the final experimental chapter, chapter 5 we investigated how the subchronic 
administration of this type of drug affects both the activation and functional 
integrity of the above-described amygdala-centered, shared neurocircuitry for 
emotion, stress, and salience processing. Recent studies have started to investigate 
the effect of antidepressants on brain function in depressed patient populations 
(Anand et al., 2005; Chen et al., 2008), however with concomitant improvements 
in subjective mood. To disentangle drug action from its influence on depressive 
symptomatology, subsequent studies administered the drug in healthy volunteers. 
These studies have primarily demonstrated that antidepressants reduce amygdala 
reactivity, but their prolonged influence on the affective neurocircuitry as a whole 
remains uninvestigated. Hence, we administered duloxetine (a combined serotonin 
and norepinephrine reuptake inhibitor) for two weeks to healthy volunteers and 
then assessed its effect on reactivity and functional connectivity within the affective 
neurocircuitry, as probed by an emotional face processing task. This subchronic 
administration period of two weeks corresponds to onset of the clinical response 
(Katz et al., 2004). Using this randomized, double-blind, placebo-controlled, 
crossover design, and based on current neuropathophysiological models of 
depression, we predicted that subchronic duloxetine administration results in a 
downregulation of affective neurocircuitry, together with a change in the functional 
coupling between its main constituents.
1.4 Introducing the methods 
1.4.1 Stress induction
In chapters 2 and 3 we used a placebo-controlled stress induction 
procedure developed by our own laboratory. In the stress condition acute, moderate 
psychological stress was induced by showing short movie clips inside the MR scanner 
containing scenes with strongly aversive content (extreme violence), selected from 
a commercially available movie (Irréversible, 2002 by Gaspar Noé). Equally long 
control movie clips came from another movie (Comment j’ai tué mon père, 2001 
by Anne Fontaine) and were equal in luminance and similar in language and face-
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presence, but contained only non-arousing scenes. Participants were instructed to 
constantly and attentively view the movie clips after short introductory texts put 
them in the scene from an eyewitness perspective. In chapter 2 these movie clips 
immediately preceded and followed the experimental runs, thereby embedding 
them in an either acutely stressful or emotionally neutral context. In chapter 3 
the resting-state run marked the end of a prolonged period of either stressful or 
emotionally neutral context, induced by multiple movie clips (with intermittent 
tasks).
1.4.2 Stress assessm ent
In chapters 2 and 3 we assessed successful stress induction through a series 
of physiological and psychological measures. First of all, we continuously recorded 
the heart rate using an infrared pulse oximeter. After offline artifact correction, 
both heart rate frequency and heart rate variability were calculated as indexes of 
ANS activity. Additionally, we sampled saliva at certain time points throughout the 
experiment to determine the level of free cortisol. Sampling typically occurred at 
baseline, immediately preceding or following the experimental run, and 15 minutes 
after participants exited the MR scanner. Measurements were baseline-corrected. 
At these same time points subjective state was assessed by obtaining the positive 
and negative affect scale (PANAS; Watson et al., 1988).
1.4.3 Amygdala activation tasks
To assess amygdala function we used two versions of an emotional face 
processing task, that have consistently been shown to elicit robust amygdala 
activation (Hariri et al., 2002; Sato et al., 2004; van Wingen et al., 2007). In chapter 
2, participants passively viewed blocks of faces morphing dynamically into either 
an angry, fearful, or happy facial expression (figure 1.2 a). Stimuli consisted of short 
animation clips showing a morphing sequence consisting of 4 frames (55%, 70%, 
85%, and 100% emotional expression). In chapter 5 participants were presented 
with a triplet of emotional faces, and were instructed to indicate by appropriate 
button press, which of the of the bottom two faces (one angry and one fearful) 
matched the cue (either angry or fearful) in emotional expression (figure 1.2b). 
In a sensorimotor control condition, a horizontally- or vertically-oriented ellipse 
(consisting of scrambled face stimuli) was presented as cue above two ellipses (one
24 | The amygdala on alert
vertical and one horizontal), and subjects had to select the identically oriented 
ellipse.
1.4.4 R em ote/recent memory paradigm
In chapter 4 memory consolidation was probed using a remote vs. recent 
memory paradigm. Key aspect of this task is that participants perform two study 
sessions (remote and recent) with different time delays to a recognition memory 
test in the MR scanner (figure 1.1c), such that remote items transition through a 
phase of (sleep-dependent) memory consolidation whereas the recent items do 
not. The contrast of remote vs recent items is hypothesized to reflect the gradual 
reorganization of memory traces as a consequence of the consolidation process. 
In our case, participants studied a remote set of negative and neutral pictures just 
prior to 8 hours of polysomnographically-monitored sleep. On the evening of the 
following day participants studied a recent set of pictures that was directly followed 
by a memory test in the MR scanner. At the recognition test, memory was tested for 
both remote and recent pictures intermixed with foils (not previously seen negative 
and neutral pictures) using an old/new judgment with three confidence levels.
1.4.5 Functional magnetic resonance imaging (fMRI)
Throughout this thesis brain activation was measured using fMRI. This 
functional variant of conventional MR scanning measures an indirect index of neural 
activity in the brain. Specifically, as active neurons consume oxygen and glucose, 
areas with increased activity show increased blood flow which results in a relative 
increase of diamagnetic oxyhemoglobin over paramagnetic deoxyhemoglobin. 
This leads to a slight change in MR signal (depending on the level of oxygenation) 
which is the basis for the Blood Oxygen Level Dependent (BOLD) response typically 
measured in fMRI. In this technique, participants typically lay supine in the MR 
scanner with their heads in a separate head coil where movement is restricted by 
head cushions. Stimuli are presented on a screen typically behind the MR scanner 
that can be viewed by participants through a mirror positioned on the head coil.
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A and B. Two versions o f an emotional face processing task used to probe 
amygdala function. C. Remote vs recent memory paradigm used to probe 
memory consolidation. See text fo r  details.
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2.1 Abstract
Background: A vital component of an organism's response to acute stress is a 
surge in vigilance that serves to optimize the detection and assessment of threats 
to its homeostasis. The amygdala is thought to regulate this process, but in humans, 
acute stress and amygdala
function have up to now only been studied in isolation. Hence, we developed an 
integrated design using functional magnetic resonance imaging to investigate the 
immediate effects of controlled stress induction on amygdala function.
Methods: In 27 healthy female participants, we studied brain responses to emo­
tional facial stimuli, embedded in an either acutely stressful or neutral context by 
means of adjoining movie clips.
Results: A variety of physiological and psychological measures confirmed success­
ful induction of moderate levels of acute stress. More importantly, this context ma­
nipulation shifted the amygdala toward higher sensitivity as well as lower specific­
ity, that is, stress induction augmented amygdala responses to equally high levels 
for threat-related and positively valenced stimuli, thereby diminishing a threat-se­
lective response pattern. Additionally, stress amplified sensory processing in early 
visual regions and the face responsive area of the fusiform gyrus but not in a frontal 
region involved in task execution.
Conclusions: A shift of amygdala function toward heightened sensitivity with lower 
levels of specificity suggests a state of indiscriminate hypervigilance under stress. 
Although this represents initial survival value in adverse situations where the risk 
for false negatives in the detection of potential threats should be minimized, it 
might similarly play a causative role in the sequelae of traumatic events.
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2.2 Introduction
The ability to react promptly to adverse conditions that threaten homeostasis 
is essential for survival (Selye, 1955; McEwen, 2007). The initial phase of the 
stress response consists of a surge in vigilance that optimizes the detection and 
assessment of such threats by prioritizing sensory processing of potentially relevant 
(threat-related) information (de Kloet et al., 2005) and by reducing elaborative 
processing (Qin et al., 2009). Although a heightened sensitivity to threat safeguards 
the organism from false negatives, i.e., the failure to elicit a needed response to a 
potentially harmful event, it may come at the cost of decreased specificity (Ohman 
and Mineka, 2001). At a minimum, resulting false positives represent unnecessary, 
metabolically demanding responses to innocuous stimuli. However, together 
with an augmented alert for threat, decreased specificity under acute stress may 
constitute a maladaptive mechanism which sets the stage for psychological trauma 
etiology, as in post traumatic stress disorder (PTSD) (Rauch et al., 2006).
The amygdala is the key structure in threat detection and vigilance 
regulation (Phelps and LeDoux, 2005). An emerging view on amygdala function is 
that of a gatekeeper that evaluates the environment for threat cues and facilitates 
enhanced sensory processing (leading to vigilance) by lowering the perceptual 
thresholds in relevant sensory brain regions (Davis and Whalen, 2001), like early 
visual areas and the face responsive area of the fusiform gyrus (FFA) in case of 
emotional facial perception (Vuilleumier et al., 2004; Vuilleumier and Pourtois, 
2007). In states of acute stress, vigilance is proposed to be primarily upregulated 
by fast acting agents such as catecholemines that increase cellular excitability in 
limbic areas, predominantly in the amygdala (de Kloet et al., 2005). However, up to 
now the concepts of stress and amygdala-dependent vigilance have been studied 
independently and not in direct experimental conjunction. Therefore, we used 
functional magnetic resonance imaging (fMRI) to investigate the immediate effects 
of controlled stress induction on amygdala function. In particular, we examined 
brain activity of participants while they performed a dynamic facial expression task, 
which is known to reliably engage the amygdala (Wittling and Pfluger, 1990; Sato 
et al., 2004), embedded in either an acutely stressful or neutral context (Fig. 1A). 
Stressful context was induced by showing short movie clips with highly aversive 
content and a self-referenced instruction that directly preceded and followed 
the task, while the control condition implemented movie clips with emotionally
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neutral content. The dynamic facial expression task consisted of passive viewing 
of blocks of photographed faces morphing rapidly and dynamically into either an 
angry, fearful, or happy facial expression. Implementing this integrated design we 
tested whether an acute, transient state of stress drives the amygdala and visual 
areas linked to amygdala towards increased processing of salient information (i.e., 
heightened sensitivity). Moreover, we tested whether stress biases these regions 
towards greater sensitivity to negative, threat-related material specifically, or 
whether stress may also prime the processing of positively valenced stimuli in an 
unselective fashion (i.e., lowered specificity). In addition, we examined activity of 
the frontal eye fields (FEF) as a control region, which is generally involved in the 
task, but not expected to show a specific effect of stress.
2.3 Materials and Methods
Participants
Twenty-nine healthy women with normal or corrected vision participated in this 
study. Only women were included in order to minimize heterogeneity related to 
gender differences in stress response (Wang et al., 2007) and neural correlates of 
affective face perception (Cahill, 2006). Avoiding confounds related to menstrual 
cycle-dependent variance in stress responsiveness (van Wingen et al., 2008) only 
women taking contraceptive medication were included. Scanning took place in the 
final two weeks of the cycle ensuring stable hormone levels. Participants reported 
no history of psychiatric, neurological, or endocrine disease and no current use of 
psychoactive drugs or corticosteroids. They reported no history of being victim 
or eye-witness of severe physical/emotional trauma, or habit of watching violent 
movies or playing violent videogames. Written informed consent was obtained 
before the experiment and the study was approved by local ethical review board 
(CMO Region Arnhem-Nijmegen, The Netherlands) in accordance with the 
declaration of Helsinki.
Participants were tested in a mixed-factorial design with emotion type (angry, 
fearful, and happy) as within subject factor and stress induction (stress versus 
control) as between subject factor. Participants were randomly assigned to either 
the stress (n=14; age: 21±2.1, range: 18-25) or control group (n=13; mean age: 
20±1.8, range: 18-24). Data of two additional participants were excluded due to 
technical failure or failure to complete the procedure.
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General procedure
The experiment took place in the afternoon, ensuring low and relatively stable 
levels of endogenous cortisol. After arrival, participants had an acclimatization 
period of 1.5 hours, during which baseline saliva samples and affect ratings were 
collected. To avoid further anticipatory stress in the control group, participants 
were then told which experimental group they were assigned to before being 
escorted to the MR scanner. The full fMRI session consisted of several tasks that 
were each preceded and followed by different movie clips and thus embedded in 
either a continuously stressful or neutral context. In between the first two movie 
clips, participants performed the dynamic facial expression task reported here 
(see below for description). The experiment ended with a resting condition and a 
structural scan. A debriefing procedure followed after participants left the scanner.
Stress induction
In the stress condition moderate psychological stress was induced by showing short 
movie clips inside the MRI scanner containing scenes with strongly aversive content 
(extreme violence), selected from a commercially available movie (Irréversible, 
2002 by Gaspar Noé). In contrast, participants in the control condition watched 
equally long movie clips from another movie (Comment j’ai tué mon père, 2001 
by Anne Fontaine), which were equal in luminance and similar in language, but 
contained only non-arousing scenes. Relative human/face presence during the 
movie clips was similar in both conditions (93% in neutral and 96% in stressful 
movie clips). Participants were asked to constantly and attentively view the movie 
clips (2.20 and 1.30 minutes respectively) after short introductory texts put them 
in the scene from an eye-witness perspective thereby attempting to involve them 
maximally in the experience. This method of stress induction closely corresponds 
to the determinants of the human stress response as described by Mason (Mason, 
1968), i.e., unpredictability, novelty, and uncontrollability. Furthermore, it 
meets the criteria described by Joëls and colleagues (Joëls et al., 2006) for stress 
enhanced memory to occur, i.e., close spatio-temporal proximity of stressor and 
task (task preceded and followed by stressor within fMRI environment) and content 
overlap (both employing real-life, emotionally salient stimuli). Finally, previous 
studies have shown that similar methods elicit measurable physiological stress 
responses (Wittling and Pfluger, 1990; Nejtek, 2002).
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Dynamic facial expression task
Directly in between the movie clips participants passively viewed blocks of faces 
morphing dynamically into either an angry, fearful, or happy facial expression. 
The perceptual processing of emotional faces has been shown to robustly engage 
the amygdala (Vuilleumier and Pourtois, 2007), and even more so with a dynamic 
rather than static presentation (Sato et al., 2004). Stimuli consisted of short 133 
ms animation clips for each of ten different faces (taken from a standardized set 
(Ekman and Friesen, 1976) and equalized in luminance and contrast), showing a 
morphing sequence consisting of 4 frames (55%, 70%, 85%, and 100% emotional 
expression) repeated at 2 Hz. An experimental session lasted 11% minutes and 
consisted of six blocks of each emotion (25 sec., 50 morphing sequences each) and 
nine blocks of fixation cross (25 sec., baseline for analysis) (figure 2.1A). Blocks 
were presented in a mirrored design avoiding covariation with linear drift and 
adjacent blocks of the same emotion or fixation cross were avoided. The order of 
blocks was counterbalanced across participants. Participants made a right index 
finger response on a button box after each block ended as a control for attention.
Physiological and subjective measurements of stress
To assess the autonomic response to the context manipulation heart rate was 
continuously recorded throughout scanning using an infrared pulse oximeter 
(accompanying the MRI scanner, Siemens, Erlangen Germany) placed on the left 
index finger. Offline artifact correction and analysis of heart rate signal, calculating 
heart rate frequency (HRF) and heart rate variability (HRV) was done using in­
house software. HRF was calculated as 60/mean interbeat interval and HRV as 
the root mean squares of successive differences between successive interbeat 
intervals. This method assesses high frequency variability in HR which is thought 
to result from parasympathetic action mainly and should thus show a decrease as 
a function of stress (Berntson et al., 1997; Goedhart et al., 2007). HRF and HRV 
were averaged for the duration of each movie clip and task and baseline-corrected 
by subtracting the corresponding values derived from a resting condition, which 
ended the fMRI session. Data of four participants (three in the stress group) were 
discarded because of excessive signal artifacts.
To assess the HPA-axis response, saliva was sampled using salivette collection 
devices (Sarstedt, Rommelsdorf, Germany) to determine the level of free cortisol.
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Sampling consisted of two baseline measurements (75 and 60 minutes prior to 
movie-clip 1) and three additional measurements: 1.) immediately following the task, 
2.) following the last movie clip, and 3.) 20 minutes after leaving the scanner (15, 60 
and 90 minutes after the start of movie clip 1 respectively). All measurements were 
baseline-corrected. All samples were stored at -20 °C until analysis. Centrifuging at
3,000 rpm for 5 minutes resulted in a clear supernatant of low viscosity. Salivary- 
free cortisol concentrations were determined by the Department of Biopsychology, 
TU Dresden, Germany, employing a chemi-luminescence-assay (CLIA) with high 
sensitivity of 0.16 ng/ml (IBL; Hamburg, Germany).
Subjective state was assessed by obtaining the positive and negative affect 
scale (PANAS; Watson et al., 1988) once at baseline and at three additional time­
points coinciding with saliva sampling. Ten items for positive and 10 for negative 
affect had to be rated on a five-point scale ranging from '1 - not at all’ to '5 - extremely'. 
Separate scores for positive and negative affect were baseline-corrected.
For all stress measures statistical analyses were performed using repeated 
measures ANOVAs over all time points of measurement with stress induction 
(stress versus control) as between subjects factor. Whenever necessary, further 
testing was done using simple t-tests. Alpha was set at .05 throughout.
Image acquisition
Whole brain T2*-weighted blood oxygenation level-dependent (BOLD) fMRI data 
were acquired using echo-planar imaging (EPI) with a Siemens TIM Trio 3.0 Tesla 
MR-scanner with an ascending slice acquisition (37 axial-slices, TE/TR: 25/1890 
ms, flip angle 80°, FOV: 212*212 mm, matrix 64*64, 3 mm slice thickness, 0.3 mm 
slice gap). 363 images were acquired during the task. In order to reduce artifacts 
caused by inhomogeneity around air-tissue interfaces, we used a relatively short TE, 
an oblique axial angulation, and reduced echo-train length (de Zwart et al., 2006) 
by means of factor 2 accelerated GRAPPA (Griswold et al., 2002). High-resolution 
structural images (1*1*1 mm) were obtained using a t1-weighted MP-RAGE 
sequence (TE/TR: 2.96/2300 ms, flip angle: 8°, FOV: 256*256*192 mm, GRAPPA 
acceleration factor 2).
Image analysis
Image processing and statistical analyses were performed using SPM5 (www.
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fil.ion.ucl.ac.uk/spm). The first five EPI volumes were discarded to allow for 
T1 equilibration, and the remaining images were realigned using rigid body 
transformations. The mean image was then coregistered to the structural MR-image. 
Subsequently, images were transformed into common stereotactic space (MNI152 
T1-template), and resampled into 2 mm isotropic voxels. Spatial smoothing was 
performed using a Gaussian kernel of 8 mm full-width at half-maximum.
Statistical analysis was performed within the framework of the general 
linear model (Friston et al., 1995). The three emotion types were modeled 
separately as boxcar regressors and convolved with the canonical hemodynamic 
response function of SPM5. Additionally, realignment parameters were included to 
model potential movement artifacts. Contrast parameter images generated at the 
single subject level (each emotion type > fixation) were submitted to 2nd level group 
analysis.
Given the study’s primary focus on amygdala, this region was targeted as a region 
of interest (ROI). Specifically, a mask for its anatomical location in standard 
(MNI152) space was created by thresholding (P>.35) a probability map obtained 
through manual anatomical segmentation of the amygdala in 21 individuals' T1 
images (Palmen et al., 2006). Anatomically based extraction of amygdala data 
ensures full data-independence in voxel selection and allows us to investigate all 
effects of interest without bias (Kriegeskorte et al., 2009). The mask consisted of 
127 and 107 2*2*2 mm3 voxels for the right and left amygdala respectively. Next, 
mean parameter estimates of amygdala were extracted and entered into an ANOVA 
with emotion type (angry, fearful, and happy) as within subject factor and stress 
induction (stress versus control) as between subject factor. Alpha was set at .05. 
For all other regions, statistical parametric maps were created within SPM5 using 
a 3 (emotion type) by 2 (stress induction) ANOVA. Our statistical threshold was 
set at p < 0.05 corrected for multiple comparisons using gaussian random field 
theory. Given that our additional ROIs (primary visual cortex, FFA, and FEF) do not 
have clear anatomical demarcations on a macroscopic level, we implemented for 
these regions reduced spherical search volumes (15 mm radius) centered around 
previously reported (functionally defined) centers: primary visual cortex (Hasnain 
et al., 1998), FFA (Kanwisher et al., 1997) and FEF (Grosbras et al., 2005).
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2.4 Results
Autonomic, HPA-axis and subjective responses to stress induction 
To monitor the effects of stress induction, heart rate was recorded continuously 
throughout scanning and salivary cortisol samples and subjective affect ratings 
were collected at baseline and at various time delays after the task.
HRF and HRV, averaged and baseline-corrected separately for each movie 
clip and the total duration of the task, are presented in Figure 2.1B and 2.1C, 
respectively. An 3 (task) by 2 (stress induction) ANOVA revealed a main effect 
of stress induction (stress > control, F,.7 =15.3, p<0.001) and a stress induction 
by task interaction (F ,,= 1 2 .1 , p<0.001) for HRF. Separate independent t-tests(Z,42J
additionally revealed main effects of stress induction for both movie clips (movie 
1: T, =3.9; p=0.001; movie 2: ; T, =4.5; p<0.001) and an effect for the task that 
just failed to be significant (T, =2.0; p=0.056). A similar analysis for HRV revealed 
a main effect of stress induction (stress < control, F,1 7 =4.4, p<0.05), but no 
interactions. Together, these results demonstrate that our stress induction resulted 
in elevated sympathetic and decreased parasympathetic tonus.
Figure 2.1D shows baseline-corrected salivary cortisol levels. An ANOVA 
with time as within subject factor and stress induction as between subject factor 
revealed that cortisol levels dropped below baseline (F =9.6, p<0.05), most likely 
due to anticipation and diurnal fluctuation. Furthermore, we found an interaction 
between the factors stress induction and time (F[224j=3.4, p<0.05). This effect 
was carried by a difference in salivary cortisol levels between the groups directly 
following the task (stress > control, T =1.9, p< 0.05, one-sided).(1b.oJ
Figure 2.1E shows baseline-corrected subjective negative affect ratings 
as measured by the PANAS. An ANOVA revealed a main effect of stress induction 
(stress > control, Fn =18.6, p<0.001) and an interaction between the factors stress(1,ZbJ
induction and time (F(224)=7.6, p<0.05). Separate independent t-tests revealed 
significantly higher negative ratings for the stress group than the control group 
directly following the task (T, =2.7; p<0.05), and 60 minutes after the start of 
movie clip 1 (T, =4.8; p<0.001). No effects of stress were found for positive affect(ZbJ
ratings.
Together these results indicate that for the stress group the dynamic facial 
expression task was indeed embedded in a moderately stressful context.
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Figure 2.1. Experimental design and autonomic, HPA-axis, and subjective 
responses to stress induction and neutral control condition. The dynamic 
facial expression task (DFET) was integrated in an acutely stressful (stress 
group) or neutral (control group) context by means of directly preceding
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and following short movie clips with strongly aversive or emotionally neutral 
content, respectively. The task consisted of viewing blocks of emotional 
faces dynamically morphing into overtly angry (A), fearful (F), or happy (H) 
expressions (A). Stimuli consisted of short 133 ms animation clips for each of 
ten different faces, showing a morphing sequence consisting of 4frames (55%, 
70%, 85%, and 100% emotional expression) repeated a t2 Hz. The interleaved 
presentation of six blocks of each emotion (25 sec., 50 morphing sequences 
each) and nine blocks of fixation cross (25 sec., baseline for analysis) was 
counterbalanced across subjects and totaled 11 % minutes.
Averaged, baseline-corrected heart rate frequency (B) and heart rate 
variability (C) during movie clip 1 (light blue box), DFET (dark blue box) and 
movie clip 2 (light blue box) for the stress and the control group. 
Baseline-corrected salivary cortisol levels (D) and subjective negative affect 
ratings (as measured by the PANAS) (E) assessed at baseline, and at various 
time delays after DFET.
Error bars represent standard error of the mean.
fMRl results
For the analysis of brain activity we first focused on the amygdala using a region of 
interest (ROI) analysis. We extracted mean parameter estimates of each amygdala 
using a predefined anatomical mask and entered these into a 3 (emotion type) by
2 (stress induction) ANOVA. (figure 2.2). First, as expected, the task resulted in 
strong bilateral amygdala activation (all emotion types > fixation for both groups 
together; right amygdala: F =41.1, p<0.001; left amygdala: F =30.7, p<0.001). 
More importantly, we revealed a main effect of the factor stress induction in the 
right amygdala (all emotion types > fixation X stress > control; F =9.5, p<0.01), 
reflecting a heightened processing of emotional facial stimuli in an acutely stressful 
context. This main effect was qualified by an interaction between the factors stress 
induction and emotion type ^ ^ = 4 .3 ,  p<0.05), suggesting a differential effect 
of stress on the processing of facial emotions. Further testing this interaction, we 
analyzed the groups separately and showed a main effect of the factor emotion 
type in the control group (F[2 24j=4.0, p<0.05), but not in the stress group (F[2 26j=1.2, 
p=0.332). Within the control group the amygdala exhibited larger responses to 
angry as well as fearful faces in comparison to happy faces (angry versus happy: 
T, =2.5, p<0.05; fearful versus happy: T, =2.6, p<0.05), but no difference inl12J l12J
response to angry and fearful faces (T 12 <1). Taken together, this interactionl12J
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between the factors stress induction and emotion type can thus be characterized 
as selective amygdala responsiveness to negative faces in the control group that 
shifted towards an indiscriminate, heightened reactivity to all facial expressions in 
the stress group.
An additional whole brain analysis using statistical parametric mapping 
demonstrated for the main effect of face perception robust activations in a 
widespread visual processing network, including primary visual cortex, extrastriate 
cortex, and occipitotemporal regions, like the fusiform gyrus (see table 2.1 and figure 
2.3). Additionally, the task strongly activated bilateral amygdala. Furthermore, as a 
crucial part of the visuomotor system, involved in the allocation of spatial attention, 
bilateral frontal eye fields were also engaged by the task. Acute stress enhanced 
sensory processing of emotional faces (main effect of stress induction) in both 
early visual areas as well as FFA. In contrast, our FEF control region showed no 
differential activation. The main effect of stress in right amygdala just failed to be 
significant. An interaction between the factors stress induction and emotion type 
was exclusively observed in right amygdala. Finally, an additional regression analysis 
using the right amygdala as seed region revealed enhanced connectivity in the 
stress group between the right amygdala and midbrain (supplementary figure 2.1).
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Figure 2.2. ROl analysis of amygdala. Anatomically extracted, mean 
parameter estimates of the right amygdala in response to each facial emotion 
type relative to baseline for the stress and control group. Error bars reflect 
standard error of the mean (+/- SEM)
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Table 2.1. Peak voxel and corresponding T values of significantly activated clusters in main 
effects of face perception and stress induction and stress induction by emotion type interaction.
hemi
MNI coordinates
x y z t-value
Main effect o f  face perception
Widespread visual processing net- -26 -80 -12 25.13"'
work (incl. early visual areas and 
fusiform gyrus -FFA-)
Lateral geniculum body L -22 -26 -4 10.34"'
Precentral gyrus (FEF) R 50 2 42 8.16'''
L -46 -2 52 8.47'''
Cerebellum R 8 -74 -40 6.79'''
L -8 -74 -44 8.38'''
Superior frontal gyrus R 6 10 62 6.65'''
L -6 8 60 5.20'''
Precuneus R 32 -50 54 6.37'''
L -28 -50 54 5.55'''
Superior temporal gyrus L -28 12 -22 5.80'''
Cingulate gyrus L -12 -16 44 5.79'''
Putamen R 28 8 -4 5.65'''
Inferior frontal gyrus R 56 18 4 5.42'''
Amygdala R 22 -4 -18 5.26'''
L -22 -6 -18 4.61''
Main effect o f  stress induction
Early visual areas R 12 -82 8 3.85'
R 10 -96 -2 3.71'
L -12 -100 -8 3.65'
Fusiform gyrus (FFA) L -34 -52 -12 3.78'
Amygdala R 
Stress induction b y  em otion type interaction
26 -4 -24 2.73 (p = 0.07)
Amygdala R 28 -2 -22 3.25'
*p<0.05 (small-volume corrected); **p<0.001 (small-volume 
brain volume); F EF : frontal eye fields; FFA: face responsive
corrected); ***p<0.05 (F W E  corrected for whole 
area of fusiform gyrus; R: right; L: left.
2.5 Discussion
The present study aimed to investigate the effects of acute stress on amygdala 
functioning. Using an integrated fMRI design that embedded a dynamic facial 
expression task in an either acutely stressful or neutral context, we found that
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acute stress affects the neural correlates of emotional facial processing in a twofold 
manner. First, acute stress drives the amygdala as well as parts of the visual system 
involved in face perception towards enhanced processing of emotional facial 
stimuli. Second, the amygdala shifts from a selective to an indiscriminate response 
pattern as a function of stress.
z = -18 y = -4
Figure 2.3.
Statistical parametric maps illustrating the main effect of face perception 
are overlaid onto axial (A) and coronal (B) planes of a single subject T1 
image provided by SPM5. All additional amygdala analysis is performed 
implementing a ROI approach using anatomical data extraction (see first 
part of fMRl results section). For display purposes, the T-map is thresholded 
atp < 0.001, uncorrected.
Notes: For MNl coordinates and voxel-level statistics see table 1. R = right.
Increased responsiveness of the amygdala in acutely stressful context is associated 
with enhanced processing in both early visual areas and the FFA and points towards 
heightened sensitivity for salience of these regions under stress. Both brain regions 
are critically involved in (affective) face perception and have strong reciprocal 
anatomical connections to the amygdala (Amaral et al., 2003). Furthermore, 
Vuilleumier and colleagues have shown that the amygdala directly potentiates 
early sensory processing of visual stimuli in these regions as a function of emotion 
(Vuilleumier et al., 2004; Vuilleumier and Pourtois, 2007). The joined enhanced
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activation levels observed in our data may indicate an additional modulation 
by the amygdala as a function of stress. As a result, this system of brain regions 
may contribute to a state of enhanced vigilance that augments the detection and 
assessment of threatening or generally salient events.
Additionally, as stress increased amygdala reactivity to equally high levels 
for both threat-related and positively valenced stimuli, this heightened sensitivity 
in the amygdala seems to be accompanied by lowered specificity. Although recent 
studies also report amygdala responses to positively valenced stimuli such as 
happy facial expressions (Fitzgerald et al., 2006; van der Gaag et al., 2007), larger 
amygdala responses to negatively as opposed to positively valenced material is the 
predominant neuroimaging finding (Morris et al., 1996; Phan et al., 2002). In light 
of the amygdala's putative role in vigilance, such valence-specific effects are usually 
interpreted as resulting from the fact that angry and fearful faces convey threat in 
contrast to happy faces. The processing of threat-related material by amygdala is 
believed to be partly driven by incompletely processed, relatively coarse, low spatial 
frequency features of visual stimuli (LeDoux, 1996; Vuilleumier et al., 2003; Phelps 
and LeDoux, 2005; Alorda et al., 2007). This allows for a fast, almost automatic 
extraction of threat signals from the environment with high levels of sensitivity, but 
with a possible bias towards false positives (Ohman and Mineka, 2001). This vital 
function of amygdala may be enhanced in an acutely stressful context gearing the 
amygdala to higher sensitivity with less specificity. In this view, one could argue 
that low spatial frequency features of the dynamically morphing happy faces, like 
the repeated ‘flashing’ exposure of white teeth, are overly detected by the amygdala 
in the stress group and conceived as potentially threatening. Recent studies show 
that for the evaluation of facial affect the amygdala depends mostly on affective 
information from the eye-region, like large, fearful eyewhites (Whalen et al., 2004; 
Adolphs et al., 2005). Under stress, the amygdala may additionally orient attention 
towards other facial regions that convey affective (and possibly threat-related) 
information, like the mouth. A partly complementary interpretation comes from 
the observation that amygdala is especially sensitive to stimulus situations that are 
incongruent or ambiguous and therefore in need of greater vigilance and attention 
(Davis and Whalen, 2001). Accordingly, in a negative, stressful context, happy faces 
may get attributed a status of ambiguity that triggers high amygdala responses and
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subsequent sensory processing.
Alternatively, but not mutually exclusive, stress might have caused 
reduction in prefrontally mediated control over amygdala processing as has been 
previously reported in neuroimaging studies on PTSD (Shin et al., 2005; Etkin and 
Wager, 2007). Here, we did not find evidence for this, possibly because the task 
involved solely perceptual processing and no cognitive evaluation. For instance, 
we recently reported reduced PFC activity in stressed individuals when using a 
demanding working memory task (Qin et al., 2009). However, it is important to 
consider that the absence of a negative PFC effect does not exclude the possibility 
that our findings reflect in part reduced prefrontal control.
A potential driving force of the stress effects may be found in elevated activity 
of the locus coeruleus-norepinephrine system (LC-NE) (Aston-Jones and Cohen, 
2005). Given that amygdala receives direct norepinephrinergic innervation from LC 
(Asan, 1998) and NE levels in amygdala rise in response to stressful stimuli (Galvez 
et al., 1996), one may postulate that moderately elevated baseline levels of NE in 
the stress group drive the observed high phasic amygdala responses. Supporting 
this notion, an exploratory seed region analysis demonstrated enhanced coupling 
between amygdala and midbrain as a function of stress. This finding is in line with 
recent neuroimaging studies showing that NE manipulations affect amygdala 
activity in humans (Strange and Dolan, 2004; van Stegeren et al., 2005; Kukolja et 
al., 2008). Through this mechanism LC-NE may promote a state of focused attention 
to potential stressors. However, additional studies probing directly the interplay 
between amygdala and LC after stress induction are needed.
A possible limitation is that we do not examine the effect of acute stress 
induction on the processing of emotionally neutral material. We decided not to 
include a previously used ‘neutral’ equivalent to the emotional morphing faces, i.e., 
actors blowing up their cheeks (van der Gaag et al., 2007), because these stimuli have 
been shown to elicit strong amygdala responses, probably due to their ambiguous 
nature (Kukolja et al., 2008). Thus, these ‘neutral’ equivalents are in that sense not 
truly neutral. Moreover, by restricting the study to emotional faces, we focused on 
the differential effect of acute stress on different emotional valences, while avoiding 
differences in arousal.
44 | The amygdala on alert
Finally, on a speculative basis these findings may further the understanding 
of stress-related mental disorders such as PTSD. Hyperresponsiveness of the 
amygdala to trauma-related (Liberzon et al., 1999), as well as generally threatening 
(Rauch et al., 2000; Shin et al., 2005), or even emotionally neutral (Hendler et al.,
2003) material is found in a large variety of neuroimaging studies on PTSD (Etkin 
and Wager, 2007). However, whereas the majority of this research encompasses 
the already established disease state, our data potentially elucidate some of the 
mechanisms related to the actual psychological trauma etiology. First, we postulate 
that hypersensitivity of amygdala to emotional stimuli under acute high stress 
may lead to exaggerated fear associations, which, in conjunction with multiple 
other factors, may develop into traumatic memory traces (Rauch et al., 2006). 
Second, the indiscriminate nature of this amygdala hypersensitivity may relate to 
overgeneralization of fear associations, linking a fear response to actually innocuous 
information that happens to get encoded in a stressful or traumatic context, and thus 
becomes part of the trauma. This would correspond to the clinical phenomenon of 
non-aversive cues being able to trigger intrusive memories and re-experiencing of 
the trauma, when this encoding relationship is present (Pine and McClure, 2005).
In sum, our data show that an experimentally induced state of moderate, 
acute stress shifts the amygdala towards heightened sensitivity with lower levels 
of specificity. Although such a shift is beneficial for survival in adverse, stressful 
situations where the failure to detect threat may result in serious damage to the 
organism, it may in parallel play a causative role in the development of stress- 
related psychopathology.
2.6 Supplementary Material
As an additional analysis, we performed an exploratory seed region analysis, calcu­
lating the correlation of the right amygdala’s time course. The time course was first 
extracted using the same anatomical mask as used for the ROI analysis (see Meth­
ods and Materials). All task-related effects were removed from this time course, and 
the first eigenvariate of the set of time courses from voxels comprising the amy­
gdala was calculated for each subject. The resulting time-course was entered into 
a 1st level model for each subject together with regressors describing the different
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task conditions (blocks of viewing angry, fearful, or happy facial expressions), and 
the realignment parameters to model potential movement artifacts. Contrast pa­
rameter images generated at the single subject level were then submitted to 2nd 
level group analysis. Statistical parametric maps were created within SPM5 using a 
two samples t-test contrasting the stress induction condition and the control condi­
tion. When thresholding the t-maps at p < 0.001, uncorrected, the analysis for the 
right amygdala revealed a cluster in right midbrain exclusively. The figure above 
shows statistical parametric maps overlaid onto axial (Supplementary figure 2.1A) 
and sagittal (Supplementary figure 2.1B) planes of a single subject T1 image pro­
vided by SPM5. The anatomical location of this region could well correspond to the 
locus coereleus (LC), which provides direct norepinephrenic (NE) innervation to 
the amygdala as a function of stress or arousal (Aston-Jones and Cohen, 2005). In­
deed, implementing a reduced spherical search volume (10 mm) centered around 
a previously reported (functionally defined) LC coordinate (Sterpenich et al., 2006) 
yielded a significant cluster ([MNI coordinates x,y,z] 2, -26, -12; T(25) = 3.95, p < 
0.05, svc). One may thus postulate that moderately elevated tonic LC-NE drive in 
the stress condition promotes a state of focused attention to potential stressors and 
increased vigilance in amygdala. An additional localization of the midbrain cluster 
could be the periaqueductal grey (PAG), a midbrain region that is in close anatomi­
cal proximity to the LC and is implicated in the processing of imminent threat and 
defensive behavior (Mobbs et al., 2007). We did not find any stress effect on the 
correlations of amygdala with our ROIs (early visual cortex, FFA and FEF).
Enhanced coupling between amygdala and midbrain 
as a function of stress
A
z = -12
Supplementary figure 2.1.
x = 2
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3.1 Abstract
Recent neuroimaging studies investigating responses to stressful stimuli may 
importantly further our understanding of psychological trauma etiology. However, 
theory posits that sustained activation of these stress circuits after the stressful 
event may play an equally important role in the development of stress-related 
psychopathology. Importantly, such post-stress network changes remain poorly 
characterized. The amygdala with its connections is crucially positioned in the central 
stress circuitry that mediates the initial stress response. Hence, we investigated 
post-stress amygdala-centered connectivity patterns in order to characterize 
the aftermath of acute, experimentally-induced stress in healthy humans. We 
recorded resting-state functional MRI in 26 female participants following a period 
of moderate psychological stress induced by means of aversive (vs. emotionally 
neutral) movie watching with a self-referencing instruction. Next, we implemented 
a seedregion analysis calculating the voxel-wise correlation with the anatomically 
extracted time-series of the amygdala. Various stress measures confirmed successful 
stress induction. Moreover, we demonstrated enhanced functional coupling of the 
amygdala with dorsal anterior cingulate cortex, anterior insula, and a dorso-rostral 
pontine region, which appears to overlap with the anatomical location of the locus 
coeruleus, when contrasting the stress with the control group. Thus, we show that 
the aftermath of acute stress is qualified by prolonged activation in an amygdala- 
connectivity network. This pattern of co-activation may indicate an extended state 
of hypervigilance that promotes sustained salience and mnemonic processing after 
stress. Characterization of the post-stress brain state may provide initial insight 
into the early phases of psychological trauma formation.
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3.2 Introduction
A set of recent neuroimaging studies have begun to unravel the neural dynamics 
underlying the acute stress response in healthy humans (Gianaros et al., 2008; 
Pruessner et al., 2008; Wang et al., 2005). These findings are of great value in our 
understanding of psychological trauma etiology. Yet, theoretical notions suggest 
that the prolonged activation of noradrenergically-driven stress circuits specifically 
after the stressful event may be equally relevant for the initial phase of traumatic 
illness (Krystal and Neumeister, 2009a; Morgan et al., 2003). Importantly, post­
stress activation patterns of such stress-related brain networks remain largely 
uninvestigated.
The amygdala is critically positioned in the central stress circuitry and 
mediates an initial surge in vigilance that optimizes the detection and assessment 
of threats to homeostasis (de Kloet et al., 2005; van Marle et al., 2009). For this, the 
amygdala depends largely on ascending, excitatory catecholaminergic pathways like
3  the dense noradrenergic innervation from the locus coeruleus (LC), an autonomic 
pontine nucleus that is the main source of norepinephrine (NE) in the forebrain 
(Sara, 2009). The amygdala and LC are richly and reciprocally connected (Valentino 
and Van Bockstaele, 2008; Van Bockstaele et al., 2001) and their interaction is 
important for the upregulation of arousal in response to salient or stressful events 
(Aston-Jones et al., 1991; Joels and Baram, 2009; Quirarte et al., 1998; Valentino 
and Van Bockstaele, 2008). In mediating the autonomic arousal that accompanies 
vigilant states, the amygdala is additionally coupled to the dorsal anterior cingulate 
cortex (dACC) and anterior insula (AI), key regions in autonomic-interoceptive 
processing (Craig, 2009; Critchley, 2005). Their joint activation with amygdala and 
various brainstem structures during rest has recently been described to constitute 
an intrinsic connectivity network that is particularly involved in continuous salience 
processing within the homeostatic, emotional, and cognitive domain (Seeley et al., 
2007).
A surge in vigilance as part of a normal stress response serves clear adaptive 
function. However, sustained activation of these stress-related brain circuits after 
the stressful event may result in allostatic load (McEwen, 2007) and in case of 
excessive stress or phenotypically vulnerable individuals be at the basis of trauma 
etiology (Krystal and Neumeister, 2009b; Morgan et al., 2003; Yehuda and LeDoux, 
2007). To date, this highly relevant time window qualified as the immediate
Amygdala function in the immediate aftermath of acute stress | 51
aftermath of stress stays uncharacterized.
To investigate post-stress activation of the amygdala-centered stress 
network, we probed sustained functional coupling of the amygdala with LC, dACC, 
and AI directly after experimentally-induced, psychological stress in a group of 
healthy women. We recorded resting-state Blood Oxygenation Level Dependent 
(BOLD)-fMRI after moderate stress was induced by means of aversive (vs. 
emotionally neutral) movie watching with a self-referencing instruction. Using a 
seedregion analysis that calculated the voxel-wise correlation with the extracted 
time course of the anatomically defined amygdala, we then tested the prediction 
that the direct aftermath of acute stress is characterized by enhanced functional 
connectivity between amygdala and LC (as main source of NE innervation), and 
between amygdala and dACC and AI (as main constituents of the above-described 
salience network).
3.3 Materials and Methods
Participants
Twenty-nine healthy women participated in this study. Participants had normal 
or corrected vision. They reported no history of psychiatric, neurological, or 
endocrine disease and no current use of psychoactive or corticosteroid drugs. Nor 
did they report a habit of watching violent movies or playing violent videogames, 
or a history of being victim or eye-witness of severe physical/emotional trauma. 
Avoiding confounds related to gender differences (Wang et al., 2007) and menstrual 
cycle-dependent variance in stress responsiveness (Ossewaarde et al., 2009) only 
women taking oral contraceptives were included. Scanning took place in the final 
two weeks of the cycle ensuring relatively stable gonadal hormone levels. Written 
informed consent was obtained before the experiment and the study was approved 
by the local ethical review board (CMO Region Arnhem-Nijmegen, The Netherlands) 
in accordance with the declaration of Helsinki.
Participants were randomly assigned to either the stress (n = 13; age: 21 
± 2.2, range: 18-25) or control group (n = 13; mean age: 20±1.8, range: 18-24). 
Data of 3 additional participants were excluded due to technical failure or failure to 
complete the procedure.
General procedure
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To ensure low and relatively stable levels of endogenous cortisol the experiment took 
place in the afternoon. An acclimatization period of 1.5 hours following arrival was 
used to collect baseline saliva samples and affect ratings. Additionally, participants 
completed various personality questionnaires, including the Spielberger Trait 
Anxiety Inventory (STAI, 20 item Dutch translation, Van der Ploeg, 1981; van der 
Ploeg et al., 1980; Spielberger et al., 1970) and the NEO Five Factor Inventory (NEO 
FFI, Costa and McCrae, 1992 ). To avoid further anticipatory stress in the control 
group, participants were then told which experimental group they were assigned 
to before being escorted to the MR scanner. The full fMRI session consisted of three 
tasks that were each preceded and followed by different movie clips and thus 
embedded in either a continuously stressful or neutral context (figure 3.1).
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Figure 3.1. Experimental design. Eight minutes of resting-state BOLD fMRI 
recording (dark blue box) followed a series of experimental paradigms, 
embedded in either an acutely stressful (stress group) or neutral (control 
group) context by means of intermittent, adjoining short movie clips with 
strongly aversive or emotionally neutral content, respectively. A fourth and 
final movie clip directly preceded the resting-state run (light blue box). 
Resting-state consisted of task-free, undirected wakefulness with eyes open. 
To monitor the effects of stress induction salivary cortisol samples (S1-5) and 
subjective affect ratings (as measured with PANAS, P1-4) were collected at 
baseline and at different time points before, immediately preceding and after 
the resting-state run. Heart rate was recorded continuously. min, minutes. T1, 
structural scan.
These included a task involving passive viewing of dynamic emotional facial 
expressions (van Marle et al., 2009), a working memory task (Qin et al., 2009)
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and a reward expectancy task. Critically, these tasks were identical between the 
two conditions of interest (stress induction vs. control condition). After the fourth 
and final movie clip, approximately 60 minutes after the start of the experiment, a 
resting-state run was recorded that is reported here (details below). This period of 
resting-state thus characterized the immediate aftermath of a continuously stressful 
(vs. emotionally neutral) experience. The experiment ended with a structural scan. 
A debriefing procedure followed after participants left the scanner
Stress induction
Moderate psychological stress was induced in the stress condition by showing short 
movie clips containing scenes with strongly aversive content (extreme violence), 
selected from a commercially available movie (Irréversible, 2002 by Gaspar Noé), 
inside the MRI scanner. In contrast, the control condition consisted of watching 
equally long movie clips from another movie (Comment j’ai tué mon père, 2001 
by Anne Fontaine), which were equal in luminance and similar in language and 
human/face presence, but contained only non-arousing scenes. Participants were 
asked to constantly and attentively view the movie clips after short introductory 
texts put them in the scene from an eye-witness perspective thereby attempting to 
involve them maximally in the experience. This method of stress induction closely 
corresponds to the determinants ofthe human stress response as described by Mason 
(Mason, 1968), i.e., unpredictability, novelty, and uncontrollability. Furthermore, it 
meets the criteria described by Joëls and colleagues (Joëls et al., 2006) for stress 
enhanced memory to occur, i.e., close spatio-temporal proximity of stressor and 
task (task immediately followed by stressor within fMRI environment). Finally, 
previous studies by our laboratory and others have shown that similar methods 
elicit measurable physiological stress responses (Cousijn et al., 2010; Henckens et 
al., 2009; Nejtek, 2002; Wittling and Pfluger, 1990). The movie clip preceding the 
resting-state run was 1.30 minutes in duration. The resting-state run consisted of 8 
minutes of task-free, undirected wakefulness. Participants were instructed to relax 
and think of nothing in particular. They were told to keep their eyes open to rule 
out sleeping, which was checked with a MRI compatible eye-tracking device using 
infrared light from SensoMotoric Instruments (MEyeTrack-LR). The scanner room 
was almost completely dark.
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Physiological and subjective measurements of stress
Heart rate was continuously recorded throughout scanning (Figure 1) to assess 
the autonomic response to the stress manipulation. For this, we used an infrared 
pulse oximeter (accompanying the MRI scanner, Siemens, Erlangen, Germany) 
placed on the left index finger. Offline artifact correction and analysis of heart rate 
signal, calculating heart rate frequency (HRF) and heart rate variability (HRV) was 
done using in-house software. HRF was calculated as 60/mean interbeat interval 
and HRV as the root mean squares of successive differences between successive 
interbeat intervals. HRV shows a decrease as a function of stress (Berntson et al., 
1997; Porges, 1995). HRF and HRV were analyzed for each of the four movie clips 
as main autonomic markers of stress induction over the course of the experiment. 
Baseline-correction of heart rate data was done by subtracting the corresponding 
values derived from the resting-state run as by that time HRF and HRV normalized 
and showed no group difference (both HRF and HRV: T(24 < 1). Data of four 
participants (three in the stress group) were discarded because of excessive signal 
artifacts.
To assess the hypothalamic-pituitary-adrenal (HPA) axis response, saliva 
was sampled using salivette collection devices (Sarstedt, Rommelsdorf, Germany) 
to determine the level of free cortisol. We sampled two baseline measurements prior 
to the fMRI session and three additional measurements: 1.) following an earlier 
task, 2.) following the fourth and final movie clip, just prior to the resting-state run, 
and 3.) 30 minutes after the fourth movie clip (22 minutes after the resting-state 
run and 15 minutes after leaving the scanner). All measurements were baseline- 
corrected. All samples were stored at -20 °C until analysis. Samples were prepared 
for biochemical analysis by centrifuging at 3,000 rpm for 5 minutes, which resulted 
in a clear supernatant of low viscosity. Salivary-free cortisol concentrations were 
determined by the Department of Biopsychology, TU Dresden, Germany, employing 
a chemi-luminescence-assay (CLIA) with high sensitivity of 0.16 ng/ml (IBL; 
Hamburg, Germany).
Subjective state was assessed by obtaining the positive and negative affect 
schedule (PANAS; Watson et al., 1988)) once at baseline and at three additional 
time-points coinciding with saliva sampling. Ten items for positive and ten for 
negative affect were rated on a five-point scale ranging from '1 - not at all’ to '5 - 
extremely'. Separate scores for positive and negative affect were baseline-corrected.
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For all stress measures statistical analyses were performed using repeated 
measures ANOVAs over all time points of measurement with stress induction 
(stress versus control) as between subjects factor. Whenever necessary, further 
testing was done using t-tests. Alpha was set at .05 throughout.
Image acquisition
Whole brain T2* weighted gradient echo EPI BOLD-fMRI images were acquired 
with a Siemens (Erlangen, Germany) TIM Trio 3.0 Tesla MR-scanner equipped 
with an eight channel phased-array head coil, using an ascending slice acquisition 
(30 axial-slices, TE/TR: 25/1530 ms, flip angle 71°, FOV: 212x212 mm, matrix 
64x64, 3.8 mm slice thickness, .4 mm slice gap). 319 images were acquired during 
the resting-state run. In order to reduce artifacts caused by inhomogeneity around 
air-tissue interfaces, we used a relatively short TE, an oblique axial angulation, and 
reduced echo-train length (de Zwart et al., 2006) by means of Factor 2 accelerated 
GRAPPA (Griswold et al., 2002). High-resolution structural images (1x1x1 mm) 
were obtained using a t1-weighted MP-RAGE sequence (TE/TR: 2.96/2300 ms, 
flip angle: 8°, FOV: 256x256x192 mm, GRAPPA acceleration factor 2).
Image analysis
Image processing and statistical analyses were performed using SPM5 (www. 
fil.ion.ucl.ac.uk/spm). The first five EPI volumes were discarded to allow for 
T1 equilibration, and the remaining images were realigned using rigid body 
transformations. The mean image was then coregistered to the structural MR-image. 
Subsequently, images were transformed into common stereotactic space (MNI152 
T1-template), and resampled into 2 mm isotropic voxels. Spatial smoothing was 
performed using a Gaussian kernel of 8 mm full-width at half-maximum.
Our goal was to examine functional connectivity patterns of the amygdala in 
a period following acute stress. To this end, we implemented a seed region analysis, 
calculating the correlation of the amygdala's time course with the rest of the brain. 
First, the amygdala's time course was extracted using an anatomical mask that was 
created from an independent sample in standard (MNI152) space by thresholding 
(P>.35) a probability map obtained through manual anatomical segmentation of 
the amygdala in 21 individuals' T1 images (Palmen et al., 2006) (see upper most 
part of figure 3). The mask consisted of 234 2x2x2 mm3 voxels. Second, the first
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eigenvariate of the set of time courses from voxels comprising the amygdala was 
calculated for each subject. The resulting time series was used as a covariate of 
interest in a whole-brain, linear regression, statistical parametric analysis. The 
realignment parameters, consisting of six parameter rigid body transformations 
(3 translations and 3 rotations) used for motion correction, were additionally 
included to model potential movement artifacts. Contrast parameter images for the 
seed region covariate generated at the single subject level were then submitted to 
2nd level random effects analysis. Statistical parametric maps were created within 
SPM5 using a two sample t-test contrasting the stress induction group versus the 
control condition group.
Our statistical threshold was set at p < 0.05, family-wise-error (FWE) rate 
corrected for multiple comparisons across the whole brain or the region of interest 
(ROI) using a small volume correction. Given our primary hypothesis of enhanced 
amygdala coupling to the LC, dACC and AI (Seeley et al., 2007), these regions were 
targeted as ROI’s. Specifically, in close accordance with previous studies reporting on 
the LC, we implemented a reduced spherical search volume (10 mm radius) around 
a previously reported (functionally defined) center coordinate for LC (Schmidt et 
al., 2009). For the dACC and the AI, the search volumes were anatomically defined 
using the WFU Pickatlas (Maldjian et al., 2003).
3.4 Results
Autonomic, HPA-axis and subjective responses to stress induction 
At baseline the two experimental groups did not differ in cortisol level, or subjective 
negative or positive affect ratings, nor in STAI score or any of the NEO FFI subscale 
scores (all T ^  < 1).
For each of the four movie clips in the extended experiment, averaged and 
baseline-corrected HRF and HRV are presented in Figures 3.2A and 3.2B, respectively 
A 4 (time) by 2 (stress induction) ANOVA revealed a main effect of stress induction 
for both HRF (F = 16.8, p < 0.005) and HRV (F = 5.0, p < 0.005). For HRF, 
but not HRV, individual t-tests revealed significant group differences for each of the 
four separate time points (all p < 0.01). Together, these findings indicate increased 
sympathetic and decreased parasympathetic tonus throughout the experiment as a 
result of stress induction.
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Figure 3.2. Autonomic, hypothalamic-pituitary-adrenal axis, and 
subjective responses to stress induction and control condition. Averaged, 
baseline-corrected heart rate frequency (A) and heart rate variability (B) 
during all four movie dips of the experiment (light blue boxes) for the stress
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and the control group. Baseline-corrected salivary cortisol levels (C) and 
subjective negative affect ratings (D) assessed a t baseline and various time 
points throughout the experiment. Error bars represent SEM. bpm, beats per 
min. * p < 0.05; **p < 0.005;
Baseline-corrected salivary cortisol levels are presented in figure 3.2C. A 3 
(time) by 2 (stress induction) ANOVA revealed an interaction between the factors 
time and stress induction (F = 6.5, p < 0.05), which was carried by a difference in 
salivary cortisol levels between experimental groups at time point 3 (15 min after 
the first movie clip, stress > control, T(162) = 1.8, p < 0.05, one-sided). No difference 
between groups was found at time points 4 (directly following the final movie clip/ 
preceding the resting-state run) and 5 (30 minutes after the final movie clip/15 
minutes out of the MRI scanner) Additionally, we found a drop in cortisol levels 
below baseline, most likely due to high (stress) anticipation and diurnal fluctuation.
Figure 3.2D shows baseline-corrected subjective negative affect ratings 
as measured by the PANAS. An ANOVA revealed a main effect of stress induction 
(stress > control, F(124) = 18.7, p < 0.001) and an interaction between time and stress 
induction (F(322) = 8.4, p < 0.001). Subsequent separate independent t-tests revealed 
significantly higher negative ratings for the stress group than the control group at 
time point 3/second rating (T = 2.6; p < 0.05) and time point 4/third rating (T(24J (24)
= 5.1; p < 0.001). No effects of stress induction or interaction effects were found for 
positive affect ratings.
Together, these results point towards successful induction of moderate 
levels of psychological and physiological stress and negative emotional state in the 
stress group preceding the resting-state run.
jMRI Results
In an effort to investigate amygdala connectivity in the immediate aftermath 
of acute stress, we implemented an ROI seedregion analysis on eight minutes of 
resting-state data following stress induction.
First, brain regions were identified that were functionally coupled to 
amygdala across both experimental groups (taking stress induction and control 
groups together). This analysis yielded multiple activation clusters showing 
temporal co-activation with amygdala, including hippocampus, ACC, precuneus,
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Figure 3.3. Seedregion connectivity analysis showing enhanced functional
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coupling between amygdala (seedregion) and (A) a dorso-rostral pontine 
region spatially overlapping with the anatomical location o f  the locus 
coeruleus (LC), (B) the dorsal anterior cingulate cortex (dACC) and (C) the 
anterior insula (AI) in a period o f  task-free, undirected wakefulness directly 
following acute stress (contrasted with an emotionally neutral control 
condition). Sagittal and axial (A and B) and coronal and axial (C) t-maps are 
thresholded a t p < 0.001, uncorrected fo r  display purposes and overlaid onto 
a canonical T-1 weighted image in standard MNI152 space. R, right.
parahippocampal gyrus, inferior, middle and superior frontal gyrus, middle orbital 
gyrus, insula, and brainstem (p < 0.05, FWE corrected for whole brain volume, see 
table 3.1).
Second, when contrasting the stress induction and the control group, we 
found enhanced functional coupling of the amygdala with a dorso-rostral pontine 
region that appears to overlap with the anatomical location of the LC (local 
maximum: [MNI coordinates (x,y,z)]: 4, -24, -18; T = 4.49, p = 0.012, svc-FWE)(1,24J
(figure 3.3A, table 3.1). Additionally, we found enhanced temporal co-activation of 
amygdala with the dACC (local maximum: 6, 34, 24; T = 4.12, p = 0.043, svc-FWE)(1,24J
(figure 3.3B) and the AI (local maximum: -32, 8, 12; T = 4.41, p = 0.034, svc-FWE)(1,24J
(figure 3.3C). For clarity reasons and to emphasize the selectivity of the effects we 
also report in table 1 the few additional activation clusters in this contrast that 
reached a statistical threshold of p < 0.001, uncorrected and had a cluster size of 
at least 10 voxels. These results however are not considered significant (lack an 
a priori hypothesis) and will therefore not be discussed. Finally, stress induction 
did not result in reduced amygdala coupling (no significant clusters in opposite 
contrast: control > stress).
3.5 Discussion
The present study aimed at investigating the brain state that characterizes the 
immediate aftermath of acute stress. Using an amygdala-centered connectivity 
analysis, we found enhanced functional coupling between amygdala and dACC, AI, 
and brainstem in a resting-state period directly following experimentally-induced, 
moderate psychological stress. The functional relevance of sustained coupling 
within this amygdala-centered stress network is discussed below
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Table 3.1. Peak voxels and corresponding T values of regions that show functional coupling with 
bilateral amygdala for both groups combined and for main effect of stress induction.
hemi
MNI coordinates 
x y z t-value
Both groups
Amygdala R 26 -6 -14 12.35"'
L -24 -6 -14 11.54"'
Hippocampus L -22 -34 4 10.43'''
R 28 -10 -26 10.09'''
R 18 -32 6 9.92'''
Thalamus L -4 -16 8 10.26'''
Insula L -32 18 -14 9.99'''
R 42 22 -4 8.26'''
L -32 -6 16 7.46'''
Anterior cingulate cortex R 4 46 8 9.98'''
Superior temporal gyrus L -60 0 0 9.59'''
R 54 10 -12 8.67'''
Precuneus L -4 -54 64 9.52'''
R 8 -78 50 8.27'''
Cerebellum L -40 -54 -32 9.20'''
Fusiform gyrus L -32 -36 -24 8.84'''
Inferior frontal gyrus L -36 22 -8 8.40'''
R 58 16 -2 8.17'''
Parahippocampal gyrus R 28 -48 -6 8.31'''
R 20 -16 -20 7.72'''
L -16 -26 -16 6.94'''
Middle frontal gyrus R 36 34 46 8.30'''
L -36 56 6 7.97'''
Superior frontal gyrus L -20 -2 62 8.28'''
Middle orbital gyrus R 2 40 -14 8.08'''
L -8 48 -10 7.29'''
Brainstem R 10 -32 -12 6.94'''
Main effect o f  stress induction
Brainstem R 4 -24 -18 4.49''
Insula L -32 8 12 4.41''
L -42 -20 20 4.30'
R 34 -16 18 3.96'
Anterior cingulate cortex R 6 34 24 4.12''
Superior temporal gyrus R 46 -28 18 3.93'
*p<0.001 (uncorrected), with a clustersize of at least 10 voxels; **p<0.05 (small-volume corrected);
*** p<0.05 (F W E  corrected for whole brain volume); R: right; L: left.
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The amygdala exhibited enhanced coupling with dACC and AI. These regions are 
strongly implicated in mediating the autonomic bodily arousal that normally 
accompanies vigilant states. Both dACC and AI are densely and reciprocally 
connected with amygdala (Augustine, 1996; Ongur and Price, 2000) with dACC 
mostly sending projections to amygdala (Ghashghaei et al., 2007). Their joint 
activation pattern in many neuroimaging studies on emotion (Kober et al., 2008) 
points towards functionally specialized modules for autonomic efference (dACC) 
and interoceptive feedback (AI) that integrate respectively the motivation and 
subjective feeling that constitute any emotion (Craig, 2009; Critchley, 2005). 
Furthermore, recent work by Seeley and colleagues on resting-state networks 
suggests that together with amygdala and related brainstem regions the dACC 
and AI form an intrinsic connectivity network that is particularly geared towards 
‘personal’ salience processing; that is: the continuous integration of the affective, 
autonomic, and visceral representations of biologically salient events to guide 
adaptive behavior (Seeley et al., 2007). Our data now implies that this background 
scan for homeostatic salience is persistently augmented in the immediate aftermath 
of acute stress.
The amygdala additionally demonstrated increased post-stress co-activation 
with the brainstem, more specifically, a dorso-rostral subdivision of the pons that 
appears to overlap with the anatomical location of the LC. It needs to be noted that 
fMRI lacks the spatial resolution to pinpoint signal activation or co-activation to 
anatomically minute structures such as distinct brainstem nuclei. Thus, a definite 
localization of the observed effect to the LC is methodologically not feasible. 
However, the overlap with the known anatomical location of the LC (Schmidt et al., 
2009; Sterpenich et al., 2006) and the prior hypothesis concerning amygdala-LC 
connectivity and prolonged stress effects make such a localization plausible. The 
amygdala and the LC/NE system are tightly coupled in the context of acute stress 
(de Kloet et al., 2005; Joels and Baram, 2009). In mediating the surge in vigilance 
in response to stressful or salient events, the amygdala depends mostly on dense 
noradrenergic innervation from LC. Exposure to various stressors activates the LC 
(Abercrombie and Jacobs, 1987; Valentino and Van Bockstaele, 2008) and leads 
to increased NE levels in the amygdala (Galvez et al., 1996; Quirarte et al., 1998). 
Moreover, it has been recently shown that LC directly mediates stress-induced NE- 
transmission in the amygdala (Buffalari and Grace, 2007, 2009). Since our method
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does not provide information on the directionality of the correlated activity, we can 
not exclude the possibility that the described network originates from LC rather 
than amygdala. However, given the strong feedback projections from amygdala to 
LC, their joint action in the context of stress can be best understood as part of a 
reciprocal feedback loop (Valentino and Van Bockstaele, 2008; Van Bockstaele et 
al., 2001).
These findings, together with previous reports indicating that this type of 
stress induction is linked to increased noradrenergic action (Cousijn et al., 2010; 
Henckens et al., 2009), suggest that the observed protracted amygdala-centered 
connectivity patterns after stress may be in part driven by elevated central NE- 
signaling. We realize that this claim remains speculative, since directly measuring 
elevated central NE-signaling is not possible in this type of research. A future 
study aimed at pharmacologically blocking NE-signaling after stress (e.g., with 
propranolol) and showing attenuated coupling within the illustrated network 
could more conclusively demonstrate a potential relationship with augmented 
noradrenergic signaling. Alternatively, the observed effects could be related to other 
stress-related neuromodulators like dopamine, whose signaling is tightly coupled 
to the LC/NE system (Sara, 2009).
We have previously shown that controlled stress induction resulted in the 
hypervigilant processing of emotional stimuli by amygdala and related sensory 
areas (van Marle et al., 2009). Here, we extend these findings by showing that even 
in the absence of an emotional processing task or any direct perceptual input, an 
amygdala-centered network exhibits prolonged functional coupling in the direct 
aftermath of acute stress. This can be functionally interpreted as an extended 
state of hypervigilance: A prolonged period of possibly LC-originating arousal that 
promotes a preparatory state of readiness in a stress/salience network consisting 
of amygdala, dACC, and AI. This interpretation is tentative since our resting-state 
design did not allow for a direct behavioral measure of vigilance. Nevertheless, the 
highly selective post-stress coupling of amygdala with brain regions that support 
vigilance processing, as outlined above, supports this conclusion.
An extended state of central arousal may additionally facilitate memory 
consolidation. An essential aspect of the stress response is to equip the organism 
with a potent memory trace of the stressful event for future reference (McGaugh,
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2004; Roozendaal et al., 2009). There is now abundant evidence from both animal 
and human neuroimaging studies that increased (3-adrenergic action in the 
basolateral amygdala underlies the enhancing effect of stress and stresshormones 
on memory (Roozendaal et al., 2006; Strange and Dolan, 2004; van Stegeren et al., 
2005). Our finding of enhanced brainstem-amygdala coupling after stress may be 
indicative of the immediate, prioritized memory consolidation of the stressful/ 
aversive movie content driven by LC-originating NE-innervation of the amygdala. 
Alternatively, strengthened brainstem-amygdala coupling after stress could be 
related to increased (ruminative) recollection of the stressful/aversive movie 
material during rest, as a recent study showed enhanced LC-amygdala coupling at 
retrieval of emotional context (Sterpenich et al., 2006). A future study could directly 
test this by associating post-stress activation of this circuit with a behavioral 
measure of memory
The present results most likely represent normal, adaptive changes to 
moderate, experimentally induced stress and therefore its direct implications for 
trauma formation after real-world stress are limited. Still, on a purely speculative 
basis, our results of sustained activation of the amygdala-connectivity network after 
stress may be informative for the process of psychological trauma etiology. Under 
pathological conditions of severe stress similar mechanisms may lead to the (NE- 
dependent) over-consolidation of stress or fear memories (Pitman, 1989; Rauch 
et al., 2006) and/or a chronic state of hypervigilance. Additionally, the results may 
be meaningful in relation to known individual differences in stress responsivity 
determined by genetic and epigenetic factors (Cousijn et al., 2010; de Kloet et al., 
2005; de Quervain et al., 2007). Phenotypically vulnerable individuals that show 
a failure to adequately contain and timely constrain an initialized stress response 
may be specifically at risk to develop traumatic illness through pathologically 
prolonged activation of similar stress circuits after trauma (Yehuda and LeDoux, 
2007). Alternatively, the development of trauma after real-world stress may be 
associated with a pattern of brain activation and physiological changes that differs 
qualitatively, rather than quantitatively, from this relatively mildly stressful state as 
it can be induced experimentally in healthy volunteers.
A possible limitation of this study is that the resting-state run is (the
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concluding) part of a larger fMRI session with multiple tasks (see methods). These 
tasks however, were identical between the two conditions of interest (stress 
induction vs. control condition). Theoretically, we can not exclude the possibility 
of an interaction between the stress effects on these tasks and the resting-state 
connectivity. Importantly though, the only task with potential spatial overlap in 
activation patterns (an emotional facial processing task) was maximally separated 
from the resting-state run in time. Simultaneously, one could consider these 
different cognitive and affective operations during the acutely stressful context as 
necessary to model any true aftermath of acute stress in real world situations. A 
second possible limitation is that because of our ROI analysis (choosing amygdala 
as a seedregion and dACC, AI, and LC as ROI’s) we can not exclude that stress also 
induced changes in additional brain regions that are not covered by our spatially 
restricted analysis. However, seeding from amygdala seems justified in the context 
of stress (Joels and Baram, 2009) and the very limited amount of additional 
activation clusters that survived the lenient threshold of p < 0.001, uncorrected, in 
the stress vs. control contrast (table 1), emphasizes the selectivity of the results.
In sum, our data show that the direct aftermath of experimentally induced, 
moderate stress is characterized by the sustained activation of, amygdala-centered 
stress circuits. Prolonged functional coupling within this network suggests an 
extended state of hypervigilance that may facilitate protracted salience and 
mnemonic processing after stress. Characterization of post-stress network changes 
in humans may represent a first step towards understanding the early phase of 
psychological trauma etiology.
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4.1 Abstract
A host of animal work demonstrates that the retention benefit for emotionally 
aversive over neutral memories is regulated by glucocorticoid action during 
memory consolidation. Particularly, glucocorticoids may affect systems-level 
processes that promote the gradual reorganization of emotional memory traces. 
These effects, although well established in animals, remain uninvestigated in 
humans. Therefore, in this functional magnetic resonance imaging study we 
administered hydrocortisone during a polysomnographically-monitored night of 
sleep directly after healthy volunteers studied negatively charged and emotionally 
neutral pictures in a double-blind, placebo-controlled, between-subjects design. 
The following evening memory consolidation was probed during a recognition test 
in the MR scanner by assessing the difference in memory for the consolidated items 
studied before sleep and new, unconsolidated items studied shortly before test 
(remote vs recent memory paradigm). Hydrocortisone administration resulted in 
elevated cortisol levels throughout the experimental night with no group difference 
at recent encoding or test. Behaviorally, we found a larger emotional enhancement 
effect (negative > neutral) for remote than recent items, and showed that this 
consolidation benefit for emotional pictures was enhanced by cortisol. Next, we 
found that cortisol during sleep reduced amygdala reactivity related to the retrieval 
of these same consolidated, negative items. In line with recent theories on emotional 
depotentation during consolidation/sleep, these data suggest that cortisol during 
first post-encoding sleep facilitates the factual consolidation of emotional memory 
traces, while at the same time attenuating their affective charge, leading to reduced 
arousal-indexing limbic reactivity during retrieval.
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4.2 Introduction
A striking and adaptive feature of human memory is its propensity to prioritize 
biologically salient over emotionally neutral information (Hamann, 2001; LaBar 
and Cabeza, 2006). An established animal literature posits that this superiority 
effect of emotional memory is related to neuromodulatory action during the 
formation and consolidation phases of memory (McGaugh and Roozendaal, 2002; 
de Quervain et al., 2009). Specific neurotransmitters like norepinephrine and 
stress hormones like cortisol (corticosterone in rats) are thought to exert their 
modulatory influence on memory primarily through potentiation of the amygdala 
that subsequently modulates mnemonic processing in the hippocampus and 
other brain regions (McGaugh, 2004). Although well established in animals, these 
effects, and particularly those during consolidation, are far from being completely 
understood in humans. Neuroimaging provides the tools to study the role of stress- 
related neuromodulators, including cortisol, in the gradual reorganization of 
emotional memory traces as a result of prioritized memory consolidation.
Offline memory consolidation is the process through which initially fragile 
memory traces are stabilized and integrated into long-term storage (Müller and 
Pilzecker, 1900; McGaugh, 2000), a process that is thought to be specifically 
facilitated during sleep (Stickgold, 2005; Diekelmann and Born, 2010). In the case 
of emotional memory it has recently been proposed that this consolidation process 
additionally serves to reduce the affective tone of the memory trace by integrating 
it into conceptualized, semantic memory networks (Walker and van der Helm, 
2009). Within the field of neuroimaging, memory consolidation is usually probed 
by measuring the outcome of consolidation during memory retrieval, for instance 
using a so-called remote vs. recent memory paradigm (Takashima et al., 2006). 
Here, participants are tested for two distinct sets of stimuli that differ only in their 
respective study-test interval, in such a way that the ‘remote’ items are learned with 
a longer time delay to test (which preferably includes sleep), while the ‘recent’ items, 
are learned shortly before test (with no sleep in between). At test the difference in 
brain activity related to remote and recent memory is hypothesized to reflect the 
reorganization of memory traces as a consequence of systems-level consolidation.
Recent studies using a similar design have shown that sleep increases 
the relative retention advantage of emotional memory (Nishida et al., 2009), and 
that the retrieval of emotional memories that are consolidated over longer time
Amygdala, cortisol and emotional memory consolidation | 71
periods and undisturbed sleep engages the amygdala (Sterpenich et al., 2009) 
and amygdala and hippocampus (Dolcos et al., 2005). However, none of these 
studies consider the role of cortisol. On a behavioral level, a handful of studies 
have suggested a facilitatory role of cortisol in (emotional) memory consolidation 
(Buchanan and Lovallo, 2001; Cahill et al., 2003; Maheu et al., 2004; Abercrombie 
et al., 2006; Kuhlmann and Wolf, 2006), but see: (Wagner et al., 2005). However, 
these findings are either complicated by concomitant drug effects on encoding, or 
not directly related to cortisol administration. Thus, despite these recent parallel 
lines of partial evidence, it remains unknown to what extent the reorganization of 
emotional memory traces as a result of prioritized memory consolidation directly 
depends on cortisol availability during post-encoding sleep.
Therefore, we set out to administer hydrocortisone during a 
polysomnographically-monitored night of sleep and assessed its effect on the 
consolidation of negatively charged and emotionally neutral pictures that were 
studied just prior to sleep (remote set), in a double-blind, placebo-controlled, 
between subjects design. Memory consolidation was probed the following evening 
during a recognition test in the MR scanner by assessing the difference in memory 
performance and brain activity for the ‘remote’ items and new, ‘recent’ items that 
were studied just prior to the recognition test. So, the remote items transitioned 
through a sleep-dependent phase of memory consolidation that in half of the 
participants was accompanied by elevated levels of cortisol. In contrast, the recent 
items were neither consolidated, nor affected by the cortisol manipulation.
Based on the extensive animal literature concerning the facilitatory role 
of glucocorticoids in emotional memory consolidation (McGaugh and Roozendaal,
2002) and recent theories on emotional depotentiation during sleep (Walker and 
van der Helm, 2009), we hypothesized that hydrocortisone administration during 
the post-encoding night would specifically enhance the consolidation benefit for 
emotional (vs. neutral) memory, while at the same time affecting the reorganization 
of limbic circuitry coding the emotional charge leading to altered reactivation 
patterns during retrieval.
4.3 Materials and Methods
Participants
Forty-two healthy male volunteers participated in this study, which was approved
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by the local ethics committee (CMO region Arnhem-Nijmegen, The Netherlands) in 
accordance with the declaration of Helsinki. Only men were included to minimize 
heterogeneity related to gender differences in HPA-axis activity (Wang et al., 2007). 
Volunteers were screened before entering the study. Prior to screening, they were 
informed about all procedures and risks and asked to sign informed consent. At 
screening, all individuals that met any of the following criteria were excluded from 
participation: history of head trauma; history of psychiatric, neurological, endocrine, 
metabolic, or sleep disorders; current use of psychoactive or corticosteroid drugs, or 
any other drug that affects the central nervous and endocrine systems; acute peptic 
or duodenal ulcers; medical illness within the three weeks prior to testing; daily 
tobacco or alcohol use; current stressful episode or major life event; a body-mass- 
index outside the range of 18.5 to 25; or standard contra-indications for participation 
in an MRI experiment. Furthermore, all participants were right-handed, and had 
normal or corrected to normal vision. Participants had no complaints of excessive 
daytime sleepiness as assessed with the Dutch version of the Epiworth Sleepiness 
Scale (Johns, 1991), nor of any sleep disturbances as determined by the Pittburgh 
Sleep Quality Index (Buysse et al., 1989). Additionally, we screened for extreme 
morning and evening chronotypes using the Horne-Ostberg Questionnaire (Horne 
and Ostberg, 1976). Finally, a venous blood sample was taken, which was analyzed 
for serum cortisol with an inclusion range between 150 and 700 mmol/L. Data of 
three participants were excluded: two due to excessive head movement during 
scanning and one (in the placebo group) due to very high cortisol levels during the 
test session (> 3 x SD above the mean), resulting in a total of thirty-nine participants 
used in the below analysis.
Design and general procedure
In a double-blind, placebo-controlled, between-subject design, participants were 
randomly assigned to either the hydrocortisone group (CORT, n=20; mean age: 
21±2.7, range: 19-31) or the placebo group (PLAC, n=19; mean age: 21±2.1, range: 
19-26). To study the effect of sleep on emotional memory consolidation, participants 
performed two study sessions (remote and recent, see figure 1). At the first study 
session (day 1) participants encoded a set of negative and neutral pictures (10.45 
PM, = rem ote set) outside the scanner before they went to bed at 11.45 PM to allow 
8 hours of polysomnographically-monitored sleep for memory consolidation. After
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awaking on day 2, participants left the lab to follow their normal daily routine with 
the instruction not to engage in excessive physical exercise or have any daytime 
sleep (monitored by an Actigraph activity monitor (Actigraph, Pensacola, Florida)). 
Participants returned to the lab on the afternoon of day 2 for a second study session 
(5.15 PM, = recent set) that was directly followed by a memory test in the MR 
scanner (6 PM). At the recognition test, retrieval-related brain activity was recorded 
while memory was tested for both remote and recent pictures intermixed with foils 
(not previously seen negative and neutral pictures) using an old/new judgment 
with confidence levels. Offline memory consolidation was indexed as the difference 
in memory for the remote and the recent sets. The role of cortisol in emotional 
memory consolidation was investigated by administering 10 mg of hydrocortisone 
in the CORT group directly after the encoding of the remote set (11 PM), and again 
at 2 AM to ensure elevated cortisol levels throughout the experimental night. The 
timing of the memory test on the evening of day 2 excluded any effects of the drug 
on recent encoding and retrieval. Thus, apart from the cortisol manipulation that 
affected consolidation during post-encoding sleep, there were no differences 
between the two groups, most notably identical encoding and retrieval phases. 
Both memory and fMRI data was analyzed in a 2 X 2 X 2 mixed-factorial design 
with picture valence (negative and neutral), and picture remoteness (remote and 
recent) as within subject factors and drug (CORT and PLAC) as between subject 
factor. Saliva cortisol was sampled throughout the experiment to monitor the 
cortisol manipulation.
Memory paradigm 
Stimulus materials
A total number of 480 pictures (240 negative and 240 neutral) was selected 
from both a standard set of affective pictures (Lang et al., 2008), and a small 
additional set of newly rated pictures. New pictures were downloaded from the 
internet and selected on the authors’ assessment of emotionality and similarity to 
IAPS pictures (Henckens et al., 2009). They were rated on a scale from 1 to 9 on 
both arousal and valence using the Self-Assessment Manikin (SAM) scales (Bradley 
and Lang, 1994) by a separate group of male volunteers. To assure reliable ratings 
that did not significantly differ from IAPS ratings, existing positive and negative 
IAPS pictures were added as a reference frame. Negative pictures were selected
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2 x 10 mg hydrocortisone
or
2 x placebo
fMRI
Encoding Sleep Encoding Test
remote set
80 neg/80 neu
polysomnography • • • recent set
80 neg/80 neu
rem /rec/new
240 neg/240 neu
10.45 PM 11.45 PM  - 7.45 AM 5.15 PM 6 - 7 PM
1 s
Figure 4.1. Experimental design. Participants encoded two sets of negative 
and neutral ¡APS with varying time delays to a recognition memory test 
in the MR scanner: a remote set (approximately 20 hours before test, and 
followed by nocturnal sleep), and a recent set (shortly before to test, with no 
sleep in between). At retrieval, memory was tested for both sets (plus foils),
^ 4  and offline memory consolidation was indexed as the difference between
remote and recent memory, as remote items transitioned through a sleep- 
dependent consolidation phase. The role of cortisol in emotional memory 
consolidation was assessed by administering hydrocortisone (2x 10 mg) in 
half of the participants during the post-encoding night of sleep (with no group 
difference in cortisol level remaining during recent encoding and retrieval).
Neg, negative; Neu, neutral; Rem, remote; Rec, recent.
based on their moderate to high arousal (mean ± SD, 5.4 ± 0.7), and negative valence 
(mean ± SD, 3.0 ± 0.7), as rated on the SAM scales. Neutral pictures were selected 
based on their relatively low arousal (mean ± SD, 2.5 ± 0.8) and neutral valence 
(mean ± SD, 5.2 ± 0.3). All pictures were equalized in luminance and presented 
centrally on a background with the averaged grey-value of all pictures. The 480 
stimuli were split up in three sets of 160 pictures each (80 negative and 80 neutral),
Amygdala, cortisol and emotional memory consolidation | 75
that were matched in mean arousal and valence ratings, while content overlap 
within one set was minimized. Each set could serve as either a remote, recent, or 
new set following a fully counterbalanced scheme across participants. The order of 
pictures within each set was pseudorandomized with no more than two pictures of 
the same valence presented consecutively.
Study sessions
At the remote and recent study sessions pictures were presented on a 
computer screen for 1 sec with a fixed ITI of 2.5 sec during which a fixation cross was 
shown at the center of the screen (figure 4.1). Participants were instructed to view 
and memorize attentively each picture and rate its valence as negative or neutral 
by keyboard button press (ensuring deep encoding). Brief practice sessions with 
additional stimuli not used for the actual experiment before encoding familiarized 
participants with the task and response options.
Recognition test
Participants lay supine in the scanner and viewed the screen through a 
mirror positioned on the head coil. At recognition test all pictures (remote, recent, 
and new) were presented for 800 ms with an ITI ranging from 3.2 to 6.2 sec (mean
4.7 sec) (figure 4.1). The order of presentation was pseudorandomized with no 
more than three pictures of the same set presented consecutively, and 60 null 
events (fixation cross) were added as implicit baseline for later analysis. In between 
picture presentations a fixation cross was presented at the center of the screen. 
Participants were instructed to make old/new judgments with simultaneous 
confidence ratings. Using two button boxes, participants had the following response 
options: Old/very sure, Old/sure, and Old/unsure as separate buttons for one hand, 
and New/very sure, New/sure, and New/unsure for the other Across participants 
Old and New responses were randomly assigned to the right and the left button box. 
The response options were graphically depicted at the bottom of the screen and 
participants were instructed to respond as quickly as possible, but could respond 
until the appearance of the next picture. The total of 480 pictures (+ 60 null events) 
was divided over two sessions of approximately 25 minutes with a very short break 
in between during which the participants stayed in the scanner. Practice sessions 
in the scanner ensured participants were familiarized with the task and response
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options.
Using this set-up, 4 response categories were possible: hits (correct old 
judgments), misses (incorrect old judgments), correct rejections (CR, correct 
new judgments), and false alarms (FA, incorrect new judgments). Accuracy was 
calculated as hit rate (hits/hits+misses) minus false alarm rate (FA/FA+CR). For 
both the behavioral and fMRI analysis Old/unsure responses were discarded since 
the number of unsure hits and unsure FAs did not significantly differ indicating 
that participants were guessing. Thus hits and FAs included only very sure and 
sure responses, and misses and CRs included all confidence levels. The emotional 
enhancement in memory was indexed as the difference in accuracy score for 
negative vs. neutral pictures, the offline consolidation as the difference in accuracy 
score for remote vs. recent pictures, and the consolidation benefit for emotional 
vs. neutral items as the difference between these two difference scores ([negative 
remote-neutral remote] - [negative recent-neutral recent]).
Drug administration
Identical capsules containing either 10 mg of hydrocortisone + cellulose (CORT 
group) or cellulose alone (PLAC group) were administered orally directly after the 
encoding of the remote set (11 PM) and at 2 AM when the participant was briefly 
awakened by an alarm clock to receive the capsule from the experimenter. The 
timing of the second capsule was chosen to ensure an elevated level of cortisol 
throughout the post-encoding night.
Sleep/polysomnography
Sleep was assessed by standard polysomnographical recordings acquired with a 
Brainvision system (Brain Products, Gilching, Germany) (sampling rate: 500Hz, 
high- and low-pass filter 0.016 and 125 Hz, respectively). A mastoid referenced 
electrode montage was used with electroencephalography recordings from F3/F4, 
C3/C4, and O3/O4 with a recommended derivation to the contralateral mastoid 
electrodes (A1/A2), electromyography recordings from a chin electrode, and 
electrooculography recordings from above and next to the right eye. Sleep scoring 
(blind to drug group and memory performance) was performed using Somnologica 
software (Somnologica Studio 5.0, Embla, Broomfield, Colorado), and consisted of 
visual categorization of each 30 sec epoch as either NREM stages 1-3, REM sleep or
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wake according to standard criteria (Iber et al., 2007). Participants were instructed 
to keep to their normal sleep rhythm on the three nights prior to the experimental 
night. Sleep registration failed in one subject in the PLAC group due to technical 
problems.
Physiological measurements
To monitor the cortisol manipulation, saliva was sampled throughout the 
experiment using saliva collection devices (Salivette, Sarstedt, Rommelsdorf, 
Germany) to determine the level of free cortisol. Saliva was sampled seven times 
during the experimental night: 9.30 PM (baseline, 30 min after entry), 11 PM 
(directly following remote encoding and prior to drug intake 1), 11.45 PM (prior to 
going to bed), 2 AM (prior to drug intake 2), 7.45 AM (at awakening), 8.15 AM (30 
min after awakening), 8.45 AM (1 hour after awakening), and three times during 
the afternoon session on day 2: 5.15 PM (prior to recent encoding and 30 min 
after entry), 5.30 PM (directly following recent encoding), and 7.30 PM (15 min 
after finishing the MRI session). All samples were stored at -20 °C until analysis. 
Samples were prepared for biochemical analysis by centrifuging at 3,000 rpm for 
5 minutes, which resulted in a clear supernatant of low viscosity. Salivary-free 
cortisol concentrations were determined by the Department of Biopsychology, 
TU Dresden, Germany, employing a chemi-luminescence-assay (CLIA) with high 
sensitivity of 0.16 ng/ml (IBL; Hamburg, Germany). To minimize differences in 
baseline cortisol levels, we instructed participants to refrain from drinking alcohol, 
exercising, and smoking for 24 h prior to the experiment. Furthermore, participants 
were requested not to brush their teeth, floss, or eat and drink anything but water 
for 30 min prior to arrival until the end of the experimental session on both days 
to enable adequate saliva sampling for cortisol assessment. Group differences in 
total cortisol concentration were tested by performing independent T-tests on the 
area under the curve with respect to the ground (AUCg) (Pruessner et al., 2003), 
separately for the experimental night (samples 1-7) and the afternoon session on 
day 2 (samples 8-10). Alpha was set at .05 throughout.
¡mage acquisition
Whole brain T2* weighted gradient echo EPI BOLD-fMRI images were acquired 
with a Siemens (Erlangen, Germany) TIM Trio 3.0 Tesla MR-scanner equipped with
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an eight channel phased-array head coil, using an ascending slice acquisition (37 
axial-slices, TE/TR: 25/2180 ms, flip angle 80°, FOV: 212x212 mm, matrix 64x64, 
3.0 mm slice thickness, .3 mm slice gap). 687 images were acquired during the task. 
In order to reduce artifacts caused by inhomogeneity around air-tissue interfaces, 
we used a relatively short TE, and an oblique axial angulation. High-resolution 
structural images (1x1x1 mm) were obtained using a t1-weighted MP-RAGE 
sequence (TE/TR: 2.96/2300 ms, flip angle: 8°, FOV: 256x256x192 mm, GRAPPA 
acceleration factor 2).
¡mage analysis
Image processing and statistical analyses were performed using SPM5 (www. 
fil.ion.ucl.ac.uk/spm). The first five EPI volumes were discarded to allow for 
T1 equilibration, and the remaining images were realigned using rigid body 
transformations. The mean image was then coregistered to the structural MR-image. 
Subsequently, images were transformed into common stereotactic space (MNI152 
T1-template), and resampled into 2 mm isotropic voxels. Spatial smoothing was 
performed using a Gaussian kernel of 8 mm full-width at half-maximum.
Statistical analysis was performed within the framework of the general 
linear model (Friston et al., 1995). The four hit types (negative remote hits, negative 
recent hits, neutral remote hits and neutral recent hits) were modeled separately 
as boxcar regressors and convolved with the canonical hemodynamic response 
function of SPM5. Negative CRs, neutral CRs, and grouped FAs and misses were 
additionally modeled in separate categories. Additionally, realignment parameters, 
consisting of six parameter rigid body transformations (3 translations and 3 
rotations) used for motion correction, were included to model potential movement 
artifacts. Contrast parameter images generated at the single subject level (each hit 
type > null events/implicit baseline) were then submitted to 2nd level random effects 
analysis. Statistical parametric maps were created within SPM5 using a factorial 
ANOVA with picture valence (negative vs neutral) and picture remoteness (remote 
vs recent) as within subject factors and drug (CORT vs PLAC) as between subject 
factor. Our statistical threshold was set at p < 0.05, family-wise-error (FWE) rate 
corrected for multiple comparisons across regions of interest (ROI) using a small 
volume correction. Given their role in emotional memory retrieval, the amygdala 
and hippocampus were targeted as ROIs. Specifically, for both regions, the search
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volumes were anatomically defined using the Talairach Daemon database atlas 
(Lancaster et al., 2000). For all other regions we report effects after FWE-correction 
for multiple comparisons across the whole brain.
4.4 Results
Cortisol measurements
Hydrocortisone administration resulted in a significant increase in total cortisol 
concentration during the post-encoding night as compared to placebo (measured 
as AUCg, T, =3.2; p<0.005), while not affecting cortisol levels during the recent 
encoding and retrieval on day 2 (T(37)<1) (table 4.1). Baseline cortisol levels were 
not different between groups (T„_<1).
Table 4.1. Cortisol measurements
Hydrocortisone Placebo
Experimental night
AUCg of samples 1-7** 6594.9 (547.7) 4466.1 (372.4)
Study session 2 /  Test
AUCg of samples 8-10 667.4 (52.7) 660.3 (43.3)
Data are shown as mean (SEM )
AUCg, area under the curve with respect to ground
** p < 0.005 for difference between Hydrocortisone and Placebo
Behavioral results
A factorial ANOVA on accuracy scores with picture valence and picture remoteness 
as within subjects factors and drug as between subjects factor revealed strong main 
effects of picture valence (negative > neutral, F, . =31. 8,  p<0.0001), and picture 
remoteness (recent > remote, F =71.2, p<0.0001). Additionally, we found an
interaction between drug and remoteness (Fn =5.0, p<0.05), and an interactionl1,3^
between valence and remoteness (Fn =5.1, p<0.05), the latter suggesting a largerl1,3^
emotional enhancement effect for remote than recent items. Most importantly, 
we found a three-way interaction between drug, valence, and remoteness
(Fn =6.7, p<0.05). Further testing this interaction, the CORT group exhibitedl1,3^
a valence x remoteness interaction (F(1,19)=8.4, p<0.05), whereas the PLAC group
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did not (F(118)<1). This effect is visualized in figure 4.2. Taken together this three­
way interaction thus indicates that hydrocortisone during post-encoding sleep 
selectively augmented the consolidation benefit (remote vs. recent) for emotional 
(vs. neutral) memory. Data for hit rates and false alarm rates for each trial type, 
forming the basis for the accuracy scores, are presented for both drug groups in 
table 4.2.
Drug x valence x remoteness interaction 
in memory
0.2
0.15
oa
in
a)c
0.1
0.05
I------------ 1
remote 
i i recent
CORT PLAC
Figure 4.2. Drug x valence x remoteness interaction in memory. Hydrocortisone 
administration during post-encoding sleep affects emotional memory 
consolidation by selectively increasing the emotional enhancement effect 
for remote (vs. recent) items, thus enhancing the consolidation benefit for 
emotional (vs. neutral) memory. Bar graphs represent difference scores for 
negative and neutral memory (calculated as accuracy). Neg, negative; Neu, 
neutral; CORT, hydrocortisone group; PLAC, placebo group. * p < 0.05; ** p < 
0.01.
• =
0
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Table 4.2. Memory
Hydrocortisone Placebo
Negative
HR (rem) 0.84 (0.02) 0.82 (0.02)
HR (rec) 0.90 (0.02) 0.88 (0.02)
FAR 0.14 (0.02) 0.14 (0.02)
Neutral
HR (rem) 0.67 (0.04) 0.72 (0.03)
HR (rec) 0.80 (0.03) 0.77 (0.03)
FAR 0.12 (0.02) 0.13 (0.03)
Negative - Neutral
HR (rem) 0.17 (0.03) 0.10 (0.02)
HR (rec) 0.10 (0.02) 0.11 (0.02)
FAR 0.02 (0.02) 0.01 (0.02)
Data are shown as mean (SEM). HR, hitrate; FAR, false alarm 
rate; Corresponding accuracy scores (HR-FAR) for Neg - Neu are 
displayed in figure 4.2
Table 4.3. Sleep
Hydrocortisone Placebo
Sleep time (min) 439.4 (7.3) 426.1 (7.4)
Sleep latency (min) 14.4 (2.1) 18.8 (4.4)
Wake (%) 5.1 (1.3) 7.0 (1.4)
S1 (%) 11.5 (1.1) 10.8 (0.8)
S2 (%)* 47.5 (1.7) 42.0 (1.1)
SW S  (%) 19.1 (1.4) 20.2 (1.3)
REM (%) 16.8 (1.3) 20.2 (1.4)
Data are shown as mean (SEM); REM, rapid eye movement sleep; 
S1, stage 1 sleep; S2, stage 2 sleep; SW S, slow wave sleep; min, 
minutes; % , percentage of total sleep period.
* p < 0.05 for difference between Hydrocortison and Placebo
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Sleep parameters
Sleep data are presented in table 4.3. On a subjective level, participants generally 
reported good sleep quality, and hydrocortisone administration did not affect 
total sleep time, sleep latency, or time spent awake. Hydrocortisone resulted in 
slightly increased stage 2 sleep (T(36)=2.7; p<0.05). Additional correlational analysis 
revealed no association between any of the sleep measures and behavioral indices 
of emotional memory consolidation in either group.
fMRI results
Imaging data were analyzed using a 2 (picture valence) x 2 (picture remoteness) x 
2 (drug) ANOVA on retrieval-related brain activity relating to the different hit types 
(negative remote, negative recent, neutral remote, neutral recent). As expected, this 
analysis yielded a strong main effect of valence, with retrieval activity being greater 
for negative than for neutral items in inferior parietal lobe, posterior cingulate 
gyrus, amygdala, right inferior frontal gyrus, precuneus, and medial frontal gyrus 
(regions typically activated during emotional memory retrieval or tasks involving 
emotional processing and arousal) (Phan et al., 2002; Buchanan, 2007) (see figure 
4.3A and table 4.4). For this contrast we additionally found activations in bilateral 
fusiform gyrus and middle temporal gyrus (regions involved in higher order 
visual processing). Next, we identified brain regions that showed larger responses 
to remote than recent items, a difference that is hypothesized to reflect the 
reorganization of memory traces as a consequence of systems-level consolidation. 
These included superior medial frontal gyrus, insula, and amygdala (figure 4.3B). 
The reverse contrast (recent > remote) revealed activations in precuneus and 
inferior parietal lobe. As a next step, we probed the interaction between valence 
and remoteness to further investigate brain regions potentially related to emotional 
memory consolidation (negative > neutral x remote > recent). This analysis revealed 
an interaction effect in bilateral amygdala, indicating enhanced amygdala activation 
during the retrieval of remote, negative items (see figure 4.4A and table 4.5).
Next, to assess the role of cortisol in sleep-dependent emotional memory 
consolidation, we probed the three-way interaction between drug, valence, and 
remoteness. When contrasting the PLAC group with the CORT group this analysis 
revealed a trend-level significant effect in amygdala that seemed to partly overlap 
with anterior hippocampus (p = 0.1, svc-FWE). Since our hypothesis on
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Figure 4.3. fMRl main effects of valence and remoteness. Statistical parametric 
maps illustrating the main effect of valence (negative > neutral) in bilateral 
fusiform gyrus and amygdala (A), and the main effect of remoteness (remote 
> recent) in superior medial frontal gyrus (left panel) and amygdala (right 
panel) (B). For visualization purposes the T-maps are thresholded at p < 0.05, 
corrected (A), and p < 0.001, uncorrected (B). For voxel-level statistics of all 
active clusters see table 4. R, right;
hydrocortisone effects on memory consolidation primarily concerned emotional 
memory, we continued to test this complex three-way interaction by investigating the 
corresponding drug by remoteness interaction separately for negative and neutral 
items. For negative items this yielded reliable bilateral suprathreshold clusters in 
the same brain region covering the amygdala-anterior hippocampus junction (p <
0.05, svc-FWE, fitting both the amygdala and hippocampus masks, figure 4.4B). The 
same analysis for neutral items revealed no significant suprathreshold clusters. 
Finally, testing remote and recent negative items separately between groups did not 
yield any significant activation clusters in amygdala, indicating that the observed 
interaction is carried by the difference for remote and recent and not carried by an 
effect on the recent items alone. Taken together, these data indicate that elevating 
cortisol levels during post-encoding sleep leads to an attenuation of amygdala/ 
anterior hippocampus activation related to remote, emotional memory retrieval.
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neg > neu x rem > rec plac > cort x rem > rec 
neg only
y = - 2 y = -7
Figure 4.4. Statistical parametric maps demonstrating amygdala activation 
for a valence x remoteness interaction (neg > neu x rem > rec) (A), and 
activation in a border region of amygdala and anterior hippocampus for a 
subsequent drug x remoteness interaction (plac > cort x rem > rec, tested for 
negative items only) (B). For display purposes the T-maps are thresholded 
at p < 0.001, uncorrected. For voxel-level statistics of all active clusters see 
table 4. R, right; Neg, negative; Neu, neutral; Rem, remote; Rec, recent; CORT, 
hydrocortisone group; PLAC, placebo group.
4.5 Discussion
We investigated the effect of exogenous cortisol during post-encoding sleep on 
emotional memory consolidation and the gradual reorganization of emotional 
memory traces by probing retrieval-related brain activity in a so-called remote/ 
recent memory paradigm. Implementing a double-blind, placebo-controlled, 
between-subjects design, we found that hydrocortisone administration selectively 
boosted the consolidation benefit for emotional (vs. neutral) items. This facilitation 
of emotional memory consolidation by cortisol was accompanied by a reduction 
in activity in amygdala/anterior hippocampus (compared to placebo) during 
the retrieval of the same remote, negative items. Saliva sampling throughout the 
experimental night confirmed elevated cortisol levels in the CORT group. These 
levels reached to about 50% of the levels observed during the early morning 
rise. Given the different binding affinity of the two glucocorticoid receptors, the 
mineralocorticoid receptor (high, MR), and the glucocorticoid receptor (low,
A B
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Table 4.4. Peak voxel and corresponding t-values o f brain regions revealing significant 
main effects.
hemi
MNI coordinates
x y Z t-value
Main effect of valence
Negative > neutral 
Fusiform gyrus R 42 -48 -16 12.86"'
L -44 -44 -18 11.53'"
Inferior temporal gyrus R 52 -64 6 10.61'''
L -50 -68 8 10.87'''
Inferior parietal lobe R 68 -20 36 6.32'''
L -64 -30 32 9.02'''
Amygdala R 24 -4 -16 6.56'''
L -24 -4 -18 7.23'''
Inferior frontal gyrus R 52 36 4 7.19'''
Precuneus R 4 -46 28 6.63'''
L -6 -52 32 5.92'''
Medial frontal gyrus R 6 54 24 6.11'''
Posterior cingulate cortex 0 -10 38 6.10'''
Main effect of remoteness
Remote > recent 
Superior medial frontal gyrus L -4 14 48 5.75'''
Insula R 34 26 -4 4.34'
L -30 24 0 4.94'''
Amygdala R 20 -6 -22 4.01''
Recent > remote 
Precuneus R 8 -62 38 6.13'''
L -4 -70 40 5.66'''
Inferior parietal lobe R 48 -54 44 5.69'''
"■ p < 0.05, whole brain FW E corrected 
" p < 0.05, small volume FW E corrected 
* p < 0.001, uncorrected 
R, right; L, left;
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Table 4.5. Peak voxel and corresponding t-values of brain regions revealing significant 
interaction effects
hemi
MNI coordinates 
x y Z t-value
Valence x remoteness interaction
Negative > neutral x remote > recent
Amygdala R 22 -2 -16 4.16*'
L -18 -2 -18 3.54*'
Drug x valence x remoteness interaction
PLAC > CORT x neg > neu x rem > rec
Amygdala R 26 -8 -14 (p = 0.10) 2.65
L -22 -10 -10 (p = 0.16) 2.43
Posterior hippocampus L -28 -26 -10 (p = 0.06) 3.01
Drug x remoteness interaction
Negative only
Amygdala R 28 -8 -14 3.42''
L -26 -8 -14 3.14''
Anterior hippocampus R 32 -16 -14 (p = 0.09) 2.80
L -30 -14 -14 3.54''
■ p < 0.05, small volume FW E corrected
R, right; L, left; Neg, negative; Neu, neutral; Rem, remote; Rec, recent; CORT, hydrocortisone; PLAC, 
placebo
GR) (Reul and de Kloet, 1985), this leads us to speculate that hydrocortisone 
administration during sleep roughly resulted in a saturation of MRs and a significant 
occupation of GRs (Lupien et al., 2007). Thus, the observed effects could be 
mediated through relatively high GR involvement, which fits existing stress theory 
where specifically GR has been implicated to mediate the slow (genomic) aspects 
of the stress response, like normalization to homeostasis and long-term retention 
of stress-related memory (de Kloet et al., 2005).
On the behavioral level, we confirmed our hypothesis on the facilitatory 
role of cortisol in the prioritized retention of emotional memories. A few earlier 
studies have suggested that exogenous cortisol facilitates emotional memory
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(Buchanan and Lovallo, 2001; Kuhlmann and Wolf, 2006). However, although these 
studies implemented sufficient study-test delays to allow consolidation (24 hours 
to 1 week), they cannot exclude concomitant effects of cortisol on encoding since 
they administered the drug before learning. By administering hydrocortisone after 
encoding of the remote set just prior to sleep, we ensured that any findings at 
retrieval can only result from cortisol action during consolidation. Additional studies 
investigated the effect of a physiological (Cahill et al., 2003) and psychological 
(Abercrombie et al., 2006) stressor applied directly after encoding and showed 
enhancing effects on emotional memory consolidation. Although in line with our 
findings, these studies cannot directly establish whether these effects are caused 
by cortisol. Finally, based on our findings one would predict that inhibiting cortisol 
action during sleep would impair emotional memory consolidation. However, the 
administration of metyrapone (a cortisol synthesis blocker) during sleep has been 
reported to enhance, as opposed to attenuate, emotional memory consolidation 
(Wagner et al., 2005). This apparent discrepancy could be potentially explained by 
the fact that metyrapone in this study not only reduced cortisol levels, but also led 
to a strong elevation of corticotrophin releasing hormone (CRH) that has equally 
been found to enhance emotional memory consolidation (Roozendaal et al., 2008). 
Regardless, we show for the first time that hydrocortisone administration during 
post-encoding sleep mediates the effect of emotion on long-term memory resulting 
in a true prioritization of emotional over neutral material. A future experiment 
could address the question whether this effect persists or even further increases 
over longer retention delays.
On a neural level, the observed amygdala activation during the retrieval 
of remote, negative items is in line with other neuroimaging studies on emotional 
memory retrieval (Smith et al., 2004; Dolcos et al., 2005; Smith et al., 2006; 
Sterpenich et al., 2007; Sterpenich et al., 2009; Payne and Kensinger, 2010). At 
present there is no clear consensus on the functional interpretation of amygdala 
activation during emotional retrieval and its presumed relationship to the preceding 
consolidation process. However, the most adopted view is that amygdala facilitates 
the recollection of emotional memories by the hippocampus by re-instating the 
original arousal that accompanied the encoding of the event during retrieval 
(Buchanan, 2007). Subsequently, amygdala is further activated in response to the
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emotional event that is internally generated by the retrieval process. Alternatively 
or concurrently, amygdala activity may be indicative of facilitated re-encoding of 
the retrieved, emotionally-laden information.
The primary fMRI finding of this study is that pharmacologically elevating 
cortisol levels during post-encoding sleep attenuates amygdala/anterior 
hippocampus activation during the retrieval of remote, negative items. Given the 
re-instate and re-experience interpretation described above, this finding seems to 
suggests that one way in which cortisol modulates the consolidation process is by 
attenuating the intrinsic level of arousal that was linked to the emotional memory. 
This interpretation is in line with emerging theories on the interaction between 
sleep and emotional memory that propose that sleep-dependent consolidation 
serves to preserve and solidify the declarative, factual aspect of an emotional 
memory trace, while at the same time depotentiating and ultimately ameliorating 
its affective charge (Walker, 2009; Walker and van der Helm, 2009). This progressive 
decoupling of emotion and memory over sleep is thought to be achieved through 
a process of conceptualization whereby the emotional memory is integrated into 
pre-existing, neocortically-stored semantic memory. We now propose that cortisol 
speeds up or facilitates this process during sleep. This results in the observed 
behavioral consolidation benefit for emotional memory, in the presence of 
attenuated amygdala reactivity, as indicative of reduced autonomic arousal. Future 
research may, apart from amygdala, try to investigate the emergence of cortical 
representation areas for the increasingly consolidated memory traces. This is not 
readily addressed in our study since the diverse content of the negative pictures 
used gives rise to a more distributed rather than focal cortical representation 
(Takashima et al., 2009). Finally, in addition to amygdala reactivity to index 
autonomic arousal, future studies may investigate directly whether cortisol during 
consolidation affects autonomic arousal by showing for instance a reduction in 
skin conductance responses during remote, negative retrieval. Nonetheless, there 
is abundant evidence that links amygdala activation to emotional arousal (Davis 
and Whalen, 2001; Phelps and LeDoux, 2005), thus our findings support the notion 
that cortisol during consolidation attenuates the affective tone of the emotional 
memory trace.
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The observed enhanced amygdala activation for remote (consolidated) vs 
recent (unconsolidated) emotional memory across both groups (driven by the PLAC 
group) may fit an alternative interpretation. Although this remains a complex issue 
that relates to the generally debated functional interpretation of amygdala activity 
during emotional retrieval, we like to suggest that lower amygdala activation for 
recent, negative items may result from a stronger habituation effect since these 
items are repeated within 45 minutes between encoding and test (Breiter et al., 
1996). Using emotional stimulus material thus complicates the interpretation of 
the remote vs recent contrast, especially concerning amygdala activation, which 
can be overcome be introducing another factor, like in this case drug. Also, it is 
important to note that this habituation effect is not different between groups, 
since hydrocortisone administration did not affect the encoding or retrieval of 
recent items. Difficulties surrounding this interpretation may also in part underlie 
inconsistencies with some of the few other neuroimaging studies on emotional 
memory consolidation. Although none of them specifically investigated cortisol, 
they mostly (Dolcos et al., 2005; Sterpenich et al., 2009; Payne and Kensinger, 
2010), but not exclusively (Sterpenich et al., 2007) report increased rather than 
decreased amygdala activation with consolidation or sleep. Additional reasons 
for this discrepancy may be the lack of a recent condition (thus not really tracking 
the progressive change in amygdala activation, (Dolcos et al., 2005), or the use of 
sleep deprivation (Sterpenich et al., 2009). Furthermore, we implemented a study- 
test delay of only one day rather than multiple months. Nonetheless, our primary 
focus was on the role of cortisol during emotional consolidation, and we found that 
post-encoding hydrocortisone administration resulted in a reliable reduction in 
amygdala reactivity during the retrieval of consolidated negative items, in line with 
recent theories on emotional depotentiation during consolidation/sleep.
The retention advantage of emotional over neutral information is thought 
to develop progressively over longer time intervals, preferentially including sleep 
(Kleinsmith and Kaplan, 1963; Hu et al., 2006; Payne et al., 2008). In our study, 
memory consolidation was probed by using the remote/recent memory paradigm 
(Takashima et al., 2006). Although the observed differences between groups at test 
could only result from cortisol action during the experimental night of consolidation, 
we cannot claim that they are strictly sleep-dependent and do not result from a
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mere passing of time. Alternative designs, implementing equal study-test intervals 
containing either sleep or no sleep (Hu et al., 2006; Payne and Kensinger, 2010), 
circumvent this problem, but have the inherent confound of different circadian- 
determined levels of cortisol (in case of AM-PM paradigms), or the risk of increases 
in stress hormones due to sleep deprivation. Since our research question specifically 
concerned the role of cortisol in memory consolidation, we opted for the design 
in which the CORT vs PLAC comparison was unaffected by time of day effects or 
severe interventions like sleep deprivation.
Finally, prolonged hydrocortisone administration in intensive care unit- 
patients has been reported to reduce the subsequent risk to develop post traumatic 
stress disorder (PTSD) (Schelling 2006). These preventive effects are typically 
interpreted to result from inhibiting effects of cortisol on memory retrieval, 
thereby interfering with a vicious cycle of spontaneous retrieval, re-experiencing 
and (re)consolidation of aversive memories (de Quervain et al., 2009). On a 
purely speculative basis, our findings now suggest that cortisol may additionally 
or alternatively prevent the development of traumatic memory by facilitating the 
reorganization of emotional memory traces during consolidation/sleep resulting in 
a depotentiated memory at subsequent retrieval. This is in line with several studies 
showing that reduced cortisol excretion in response to a traumatic event (leading 
to diminished cortisol levels during consolidation) is associated with an increased 
risk for PTSD (McFarlane et al., 1997; Delahanty et al., 2000).
In conclusion, we show that cortisol during post-encoding sleep augments 
the prioritized memory consolidation for emotional material, while at the same 
time possibly depotentiating the affective tone of the emotional memory trace 
by facilitating its progressive reorganization over sleep. These data may further 
explicate the mechanism behind the reported therapeutic potential of cortisol in 
psychological trauma prevention.
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5.1 Abstract
Neuroimaging studies have consistently linked depression to hyperactivation 
of a (para)limbic affective processing network centered around the amygdala. 
Recent studies have started to investigate how antidepressant drugs affect 
amygdala reactivity in healthy individuals, but the influence of their subchronic 
administration on the functional integrity of the affective neurocircuitry as a whole 
remains unknown. Therefore, we used functional magnetic resonance imaging in 
nineteen healthy volunteers to assess the effect of two weeks of administration 
of the combined serotonin and norepinephrine reuptake inhibitor duloxetine (60 
mg) on reactivity and functional connectivity within the affective neurocircuitry 
in a double-blind, placebo-controlled, crossover design. Using an emotional face 
matching task we demonstrated that duloxetine reduced neural responses in 
affect processing regions including the amygdala, the anterior insula, the thalamus 
and the ventral aspect of the anterior cingulate cortex. Additionally, functional 
coupling between the amygdala and the anterior insula was enhanced by the 
drug. These results suggest that duloxetine attenuates the bottom-up processing 
of biologically salient information in an extended amygdala circuitry, while at the 
same time possibly potentiating the effective communication between its subparts. 
Since hyperactivation of the same affective neurocircuitry is thought to underlie 
emotional dysfunction in depression, these results suggest a putative neural 
mechanism through which duloxetine could normalize typical negativity biases in 
depression.
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5.2 Introduction
The affective neurocircuitry underlying dysfunctional mood regulation in 
depression is critically centered on the amygdala and connected regions (Drevets,
2003). Specifically, hyperresponsiveness of the amygdala, the anterior insula, the 
thalamus and the ventral aspect of the anterior cingulate cortex (vACC) to negatively 
valenced stimuli has been a recurrent observation in neuroimaging studies on 
depression (Drevets, 2000b; Phillips et al., 2003b). This extended amygdala 
circuitry is generally indicated in the processing of biologically salient information, 
and the generation of affective states, including autonomic bodily arousal (Kober et 
al., 2008; Phan et al., 2002; Phillips et al., 2003a). Current neuropathophysiological 
models of depression suggest that specifically overactivation of this affective 
processing network, in combination with a failing modulatory influence from 
prefrontal areas, may underlie the negative perceptual and mnemonic processing 
biases typically seen in depression (Drevets, 2000b; Mayberg et al., 1999; Phillips et 
al., 2003b). Recently, the functional status of the amygdala and the insula has even 
been proposed as biomarker to index effective drug treatment (Paulus et al., 2005; 
Paulus and Stein, 2006).
Antidepressant drugs that potentiate serotonin and norepinephrine 
neurotransmission through reuptake inhibition (separately or in combination) 
are widely and effectively used in the treatment of major depression disorder 
(Frampton and Plosker, 2007; Hirschfeld, 2000; Nutt, 2002; Schloss and Henn,
2004). These neuromodulatory systems, originating from brainstem nuclei (raphe 
nucleus for serotonin and locus coereleus for norepinephrine) shape cognition 
and emotion by innervating large, mostly overlapping parts of the forebrain, 
including the regions constituting the affective neurocircuitry (Cools et al., 2008; 
Sara, 2009). Recent studies have begun to investigate the effect of this type of 
antidepressants on the functional integrity of the affective processing network in 
depressed patients (Anand et al., 2007; Anand et al., 2005; Chen et al., 2008; Lopez- 
Sola et al., 2010). Here, the observed alterations within this circuit coincided with 
mood improvements. To subsequently disentangle drug action from its influence 
on depressive symptomatology, other studies have investigated subchronic 
antidepressant administration in healthy individuals (Arce et al., 2008; Harmer et 
al., 2006; Norbury et al., 2007; Windischberger et al., 2010). These studies have 
mostly indicated that antidepressants attenuate amygdala responsivity, but their
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influence on the functional integrity of aforementioned affective neurocircuitry as 
a whole remains unknown.
In the current study, we used pharmacological functional magnetic 
resonance imaging (fMRI) to assess the effect of subchronic administration of the 
combined serotonin and norepinephrine reuptake inhibitor duloxetine on reactivity 
and functional connectivity within the affective neurocircuitry. By blocking the 
reuptake of both serotonin and norepinephrine, duloxetine acts simultaneously on 
the two main neuromodulatory systems implied in depression. Healthy volunteers 
received duloxetine (60 mg) and placebo in a randomized, double-blind, placebo­
controlled, crossover design. Duloxetine and placebo were administered for two 
weeks each (with a washout period in between), which corresponds to the onset 
of the clinical response (Katz et al., 2004). Functional integrity of the affective 
processing network was probed by using an emotional face matching task that is 
known to reliably engage the amygdala and connected areas (Hariri et al., 2002; 
van Wingen et al., 2008). Based on current neuropathophysiological models of 
depression and the mechanism of antidepressant drug action, we expected a 
downregulation of affective neurocircuitry by duloxetine, together with a change in 
the functional connectivity between its main constituents.
5.3 M aterials and Methods
Participants
Twenty-six healthy volunteers participated in this double-blind, placebo-controlled, 
crossover study, which was approved by the local ethics committee (CMO region 
Arnhem-Nijmegen, The Netherlands). Participants were screened approximately 
one week before entering the actual trial. Before screening, we informed subjects 
about all procedures and risks before we asked them to sign informed consent. After 
that, subjects underwent a physical examination and an extensive standardized 
evaluation of medical history. We assessed current or lifetime psychiatric illnesses 
with the Mini International Neuropsychiatric Interview (MINI, Sheehan et al., 
1998). Additionally, participants were screened for clinically relevant depressive 
symptoms with the Dutch version of the Beck Depression Inventory (BDI-II, Beck 
et al., 1996), applying a total score of 10 as cut-off. Trait anxiety was assessed 
by means of the Dutch version of the State-Trait Anxiety Inventory (STAI, van 
der Ploeg, 1981; van der Ploeg et al., 1980). During the medical examination we
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recorded a six-lead electrocardiogram to exclude participants with a heart rate 
below 60/min or a QT interval > 420 msec. In addition, a venous blood sample 
was taken, which was analyzed for general hematology and blood chemistry. Any 
medically relevant abnormality in any of the laboratory parameters warranted 
exclusion of the study. At screening and on each subsequent scanning day, 
urine was sampled for immediate (psychotropic) drug, alcohol and pregnancy 
screenings using commercially available test sticks. Positive urine tests on any of 
the measures led to study exclusion. Furthermore, participants were excluded with 
a known hypersensitivity to or contra-indications for duloxetine (such as hepatic 
impairment, or severe renal impairment with a glomerular filtration rate < 30ml/ 
min as determined by aforementioned laboratory parameters), as well as a history 
of prescribed medication within three months prior to the start of the trial with 
the exception of oral contraceptives and paracetamol. Additional exclusion criteria 
were drug abuse within two months prior to trail start, and a medical or surgical 
history that the investigator regarded as potentially affecting the outcome of the 
trial. Finally, we included only participants with a Body Mass Index between 18.5 
and 25. Two participants choose to stop the experiment, and data of five additional 
participants were excluded due to technical failure (four) or too much head 
movement during scanning (one). This resulted in a total number of 19 participants 
(10 females) between 18 and 43 years of age (mean age ± SD: 25 ± 7 years) in the 
final analysis.
Duloxetine administration
After screening, participants were randomly assigned to start either with placebo or 
duloxetine (60 mg/ day for fourteen consecutive days, administered in capsule form, 
taken in the morning). Treatment periods were separated by a washout period of 
at least 14 days (range: 14-42 days; mean ± SD: 21 ± 10 days). fMRI measurements 
were taken on the final day of each drug or placebo period. To assess duloxetine 
levels, a 10 ml venous blood sample was collected in an ethylenediamine-tetraacetic 
acid (EDTA) anticoagulant tube between 10.30 and 11 AM on each scanning day. 
The samples were centrifuged for 10 min at 3500 rpm at room temperature. The 
separated plasma was kept in a labeled plastic tube in the freezer at a temperature 
of -20 C° until the end of the study. After study deblinding, the samples from the 
duloxetine session were selected for serum analysis. High performance liquid
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chromatography (HPLC) was used to measure duloxetine levels (10-100 |J.g/l) with 
prothiaden (100 |J.g/l) as internal standard. The HPLC system consisted of a Waters 
1515 Isocratic Pump, delivering the mobile phase at a flow rate of 1.1 ml/min and 
an Inertsil ODS-3 5^, 50 x 4.6 mm (Alltech: GL815ODS346) separation column, 
heated to 40 C°.
General procedure and behavioral task
All scanningtook place inthe morning. Oneach scanningday we assessed state anxiety 
(STAI, van der Ploeg, 1981; van der Ploeg et al., 1980) and depressive symptoms 
(BDI-II, Beck et al., 1996) prior to the fMRI session. Additionally, participants were 
questioned on experienced side effects by an independent study nurse that did 
not perform fMRI testing. During scanning, participants performed an emotional 
face matching task consisting of a blocked design, including an emotion condition, 
and a visuo-motor control condition. This paradigm has been used previously to 
investigate drug effects on amygdala reactivity (Hariri et al., 2002; van Wingen et 
al., 2008). It robustly engages an amygdala-centered network by contrasting the 
response to simultaneously presented angry and fearful face stimuli (http://w w w . 
macbrain.org) with the response to geometric shapes (i.e. ellipses that consisted of 
scrambles of the same face stimuli). Two emotion blocks were interleaved with three 
control blocks, and each 30 s block consisted of six 5 s trials. Each trial consisted 
of three simultaneously presented stimuli, with the cue stimulus presented above 
the target and distractor. In the emotion condition, an angry or fearful face was 
presented on top as cue, and subjects had to indicate by an appropriate button 
press, which of the bottom two faces (one angry and one fearful) matched the cue 
in emotional expression. The three simultaneously presented faces per trial were 
from different persons from the same sex. Half the trials presented faces of men and 
half of women, half of each target emotion (angry or fearful). In the sensorimotor 
control condition, a horizontally- or vertically-oriented ellipse was presented as 
cue above two ellipses (one vertical and one horizontal), and subjects had to select 
the identically oriented ellipse. Note that by contrasting neural responses to mixed, 
negatively valenced face stimuli to geometric shapes, this task does not probe any 
emotion-specific effects, but rather the reactivity of (para)limbic affective circuitry 
to biologically salient, environmentally relevant stimuli.
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Image acquisition
Whole brain T2* weighted gradient echo EPI BOLD- fMRI images were acquired with 
a Siemens (Erlangen, Germany) Avanto 1.5 Tesla MR-scanner equipped with a CP 
head coil, using an ascending slice acquisition (32 axial slices, TE/TR: 35/2340 ms, 
flip angle: 90°, FOV: 212 mm, matrix size: 64*64, 3.5 mm slice thickness, 0.35 mm 
slice gap). Seventy-four images were acquired during the task. High-resolution T1- 
weighted structural MR images were acquired for spatial normalization procedures 
(3D MP-RAGE, 176 images, TE/TR:2.95/2250 ms, 1.0 mm slice thickness, matrix 
size: 256*256, FOV: 256 mm, flip angle: 15°).
Image analysis
Image processing and statistical analysis were performed using SPM5 (www. 
fil.ion.ucl.ac.uk/spm). The first five EPI-volumes were discarded to allow for 
T1 equilibration, and the remaining images were realigned using rigid body 
transformations. Images were then corrected for differences in slice acquisition 
time. The mean image was coregistered to the structural MR-image. Subsequently, 
images were transformed into common stereotactic space (MNI152 T1-template), 
and resampled into 2 mm isotropic voxels. Spatial smoothing was performed using 
a Gaussian kernel of 8 mm full-width at half-maximum.
Statistical analysis was performed within the framework of the general 
linear model (Friston et al., 1995). For each session, the two experimental conditions 
(emotion and control blocks) were modeled as box-car regressors convolved with 
the canonical hemodynamic response function of SPM5. In addition, the realignment 
parameters consisting of six parameter rigid body transformations (3 translations 
and 3 rotations) were included to model potential movement artifacts as well as a 
high-pass filter (cutoff at 1/128 Hz). Single-subject parameter images contrasting 
the emotion and control conditions were obtained and entered into second 
level random effects group analyses. The main effects of task and drug condition 
were tested using a repeated measures ANOVA with the factor drug (duloxetine 
vs placebo). In addition, to investigate the effect of duloxetine on the functional 
integration of the amygdala, we implemented a functional connectivity analysis, 
calculating the correlation of the amygdala time-course with the rest of the brain 
irrespective of experimental conditions. The first eigenvariate of the time-course of 
the amygdala was extracted bilaterally using the same anatomical mask as used for
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the ROI analysis (see below). This time series was entered into the model together 
with regressors describing the different task conditions (emotion and control 
blocks) to correct for task-dependent co-fluctuations, as well as realignment 
parameters consisting of six parameter rigid body transformations (3 translations 
and 3 rotations) to model potential movement artifacts and a high-pass filter 
(cutoff at 1/128 Hz). Contrast parameter images generated at the single subject 
level were then submitted to second level group analysis. Again the main effects 
of coupling and drug condition were tested using a repeated measures ANOVA 
with the factor drug (duloxetine vs placebo). Finally, to further investigate whether 
duloxetine affected amygdala-based connectivity patterns in a task-dependent 
manner, we performed a psychophysiological interaction analysis (PPI). To this 
end, we repeated the seed-based connectivity analysis as described above with an 
additional regressor in the model specifically modeling the interaction between 
the task conditions and the amygdala time course. Statistical tests were family- 
wise error rate corrected for multiple comparisons (p < 0.05) across the regions 
of interest (ROI) using a small volume correction, or the entire brain using cluster 
corrections with an initial height-threshold of p < 0.001, uncorrected (or p < 10-6, 
uncorrected for the main effect of task). The search volumes for bilateral amygdala 
and insula were anatomically defined based on the Talairach Daemon database 
atlas as implemented in the WFU Pickatlas (Maldjian et al., 2003). The amygdala 
and insula masks had a total volume of 2528 mm3 and 34048 mm3 respectively.
5.4 Results
Duloxetine levels
Duloxetine plasma levels ranged between 7 and 247 [ig/l (mean ± SD: 50 ± 54), 
which confirmed compliance with drug intake. Several participants experienced 
some form of side effects, most notably nauseousness, fatigue and insomnia. No 
serious adverse events were reported. All reported side effects were limited to the 
first few days of drug intake, indicating that our results do not reflect the experience 
of adverse effects as the neuroimaging sessions took place only after two weeks of 
intake.
Questionnaires and Behavioral Performance
State anxiety (STAI) and depression (BDI) scores and response accuracy and
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reaction times in the emotional face matching task are reported for both sessions in 
supplementary table 5.1. Both STAI and BDI scores were unaffected by duloxetine 
administration (all p > 0.05). In addition, duloxetine did not significantly modulate 
response accuracy or reaction times (all p > 0.05), indicating that the neural effects 
of duloxetine are not readily explained by altered mood or attention.
fMRI Results 
Main effect of task
As expected, across both experimental sessions the emotion condition yielded 
larger responses than the sensorimotor control condition in the ventral visual 
stream (ranging from primary visual cortex to the face responsive area of the 
fusiform gyrus), (para)limbic structures (including the amygdala and anterior 
insula), inferior frontal gyrus, supplementary motor area, cerebellum and superior 
temporal gyrus (p < 0.05, whole brain corrected, see table 1, figure 1). The reverse 
contrast (control condition > emotion condition) did not reveal any significant 
activation clusters.
Duloxetine effects on neural responsitivity
When contrasting the duloxetine with the placebo session (for emotion condition 
> control condition), we found that duloxetine reduced amygdala (figure 5.2A) and 
anterior insula (figure 5.2B) reactivity to biologically salient stimuli (p < 0.05, small 
volume corrected for ROI, see table 5.1). In addition, neural responses in the ventral 
aspect of the ACC (figure 5.2C) and the thalamus (figure 5.2D) were also reduced 
by subchronic duloxetine administration (p < 0.05, whole brain corrected, see table 
5.1). In contrast, no significant increases in activity were observed (p > 0.05).
Duloxetine effects on amygdala-centered coupling
To investigate the effect of subchronic duloxetine administration on the functional 
integration of the amygdala, we performed a functional connectivity analysis that 
assessed task-independent functional coupling. Across both sessions the amygdala 
was positively coupled to multiple brain regions, including the hippocampus, anterior 
insula, thalamus, fusiform gyrus, and various frontal areas (see supplementary 
figure 5.1). When contrasting the duloxetine with the placebo session, we 
found that duloxetine increased functional coupling between the amygdala and
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main effect of task
z = -16
Fi gure 5.1.  Main effect o f emotional face matching across drug conditions 
(emotion blocks > sensorimotor control blocks). T-maps are thresholded at p < 10­
6, uncorrected and overlaid onto a canonical T-1 weighted whole brain rendering 
(A) and a transverse slice (B) in standard MNI152 space. R, right.
placebo > duloxetine
A B
y = 44 x = -15
Figure 5.2. Duloxetine reduced activation in the amygdala (A), the anterior insula 
(B), the ventral aspect o f the anterior cingulate cortex (C), and the thalamus (D) 
during the emotional face matching task (placebo session > duloxetine session 
fo r  emotion blocks > sensorimotor control blocks). T-maps are thresholded at 
p < 0.005, uncorrected fo r  display purposes and overlaid onto a canonical T-1 
weighted image in standard MNI152 space. R, right.
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anterior insula (p < 0.05, small volume corrected for ROI, see table 5.1, figure 5.3). 
Duloxetine administration did not significantly decrease amygdala coupling with 
any brain region. Finally, to investigate whether duloxetine affected amygdala- 
centered connectivity patterns in a task-dependent manner (e.g. larger for emotion 
condition than control condition), we performed an additional psychophysiological 
interaction analysis. This analysis revealed no significant difference between the 
duloxetine and placebo sessions.
duloxetine > placebo
z = -16 z = 16
Figure 5.3. Seedregion connectivity analysis showing enhanced functional 
coupling between the amygdala (seedregion, left plane, in green) and the 
anterior insula (middle plane) for the duloxetine vs. placebo session. The right 
plane shows the location of the slices along the z-axis. T-maps are thresholded 
at p < 0.001, uncorrected for display purposes and overlaid onto a canonical 
T-1 weighted image in standard MNI152 space. R, right.
5.5 Discussion
The present double-blind, placebo-controlled, crossover pharmalogical fMRI 
study aimed to investigate the effect of subchronic administration of the combined 
serotonin and norepinephrine reuptake inhibitor duloxetine on reactivity and 
functional integrity of the affective neurocircuitry in healthy individuals. We show 
that duloxetine reduces neural reactivity during an emotional face matching task in 
an extended amygdala circuitry that is typically implicated in emotional dysfunction
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Table 5.1. Cluster maxima for significantly activated brain regions in SPM analyses.
hemi
MNI coordinates 
x y z z-value p-value“
Main effect o f task
Ventral visual stream (incl. 
face responsive area of 
fusiform gyrus) 30 -94 -2 inf < 0.001
Amygdala R 20 -6 -16 7.03 < 0.001“
L -20 -8 -14 6.89 < 0.001“
Inferior frontal gyrus R 44 14 22 6.81 < 0.001
L -44 10 30 5.79 < 0.001
Supplementary motor area L -8 14 52 5.99 < 0.001
Cerebellum R 10 -76 -38 5.44 < 0.001
L -32 -66 -48 5.41 < 0.001
Superior temporal gyrus R 46 -38 8 5.41 < 0.001
Insula R 30 20 4 5.16 < 0.001“
L -30 24 4 4.95 < 0.001“
Main neaative effect o f duloxetine
Anterior cingulate cortex R 22 44 10 4.43 0.001b
Thalamus L -14 -2 12 3.78 0.021b
Insula R 30 16 -4 3.96 0.033“
L -34 12 4 3.56 n.s. (0.1“)
Amygdala L -22 0 -18 3.17 0.035“
Positive effect o f duloxetine on amvadala couolina
Insula L -34 24 14 4.29 0.012“
Scluster-level statistics: p-values are FW E corrected for whole brain volume, with an initial threshold of 
p < 10-6 (uncorrected) and a clustersize of at least 30 voxels;
‘cluster-level statistics: p-values are FW E corrected for whole brain volume, with an initial threshold of 
p < 0.001 (uncorrected) and a clustersize of at least 30 voxels;
“voxel-level statistics: p-values are corrected across the region of interest;
R: right; L: left. n.s.: not significant.
in depression. Additionally, the functional coupling between specific subparts of 
this network, the amygdala and the anterior insula, was increased by duloxetine 
administration.
Whereas previous studies investigating the effect of subchronic, preclinical
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antidepressant treatment have reported reduction in amygdala responsivity (Arce 
et al., 2008; Harmer et al., 2006; Norbury et al., 2007), we show that duloxetine 
attenuates neural processing in an extended amygdala circuitry that has been 
described as an affective processing network (Phillips et al., 2003a). We found that 
duloxetine reduced neural reactivity not only in the amygdala, but similarly in the 
anterior insula, vACC and the thalamus, all of which receive both strong serotonergic 
and noradrenergic innervation, making them likely target regions for this dual­
acting drug (Cools et al., 2008; Sara, 2009). The joint activation pattern of these 
regions in most neuroimaging studies on emotion (Kober et al., 2008; Phan et al., 
2002) points towards an integrated function in the processing of biologically salient 
information and the production of an affective state and ensuant emotional behavior 
(Phillips et al., 2003a). An extensive animal and human (lesion and neuroimaging) 
literature denotes the amygdala as a key region in threat detection and vigilance 
regulation (for reviews see: (Davis and Whalen, 2001; Phelps and LeDoux, 2005). 
Neuroimaging studies in depressed patients have consistently found pathologically 
exaggerated amygdala activation during rest and in response to negatively valenced 
stimuli (Drevets, 2000b, 2003) that normalizes with antidepressant treatment (Fu 
et al., 2004; Sheline et al., 2001). The reduction in amygdala reactivity observed in 
this study suggests that duloxetine attenuates the vigilant processing of negatively 
valenced face stimuli even in healthy individuals. But by mixing angry and fearful 
faces within one trial, our emotional face matching task did not allow for the 
investigation of emotion-specific duloxetine effects. Rather, we used this task, as 
has been repeatedly and successfully done before (Hariri et al., 2002; van Wingen et 
al., 2008), to probe drug effects on the reactivity of (para)limbic affective circuitry 
to generally biologically salient stimuli. Overactivation of the anterior insula has 
additionally been reported in depressed patients as well as after sad mood induction 
5  in healthy individuals (Fu et al., 2004; Mayberg et al., 1999; Phillips et al., 2003b). 
A proposed role of this region in the interoceptive feedback of autonomic and 
visceral signals (e.g. pain, taste and cardiovascular changes) supporting emotional 
awareness (Craig, 2002; Critchley, 2005) suggests that duloxetine diminishes the 
intensity of the mapped (negative) feeling state in response to aversive stimuli. The 
observed reduction in reactivity of the ventral aspect of the ACC by duloxetine is 
in line with reported hyperactivation of this region in depression that responds 
to antidepressant treatment (Drevets, 2000b; Phillips et al., 2003b). Functionally,
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this region is implicated in the mediation of autonomic responses to emotional 
challenge and the production of an affective state (Bush et al., 2000; Devinsky et 
al., 1995). Finally, overactivation of the thalamus, as integral part of the emotional 
and affective neurocircuitry (Kober et al., 2008; Phan et al., 2002; Phillips et al., 
2003a) has additionally been reported in depression (Drevets et al., 1992; Fu et al.,
2004). Together these results indicate that duloxetine affects an important part of 
the (para)limbic affective processing network centered on amygdala and connected 
regions. The concerted downregulation of affective neurocircuitry results in an 
alteration in the bottom-up processing of salient, potentially aversive information, 
which in depressed individuals could ultimately lead to a normalization of negative 
perceptual and mnemonic processing biases (Mathews and MacLeod, 2005). 
This follows the proposed differential mechanism of action of pharmalogical and 
psychological antidepressant treatment. Whereas psychological interventions, 
such as cognitive behavioral therapy (CBT) are hypothesized to influence the 
top-down processing of negative information by bolstering prefrontal control 
over hyperreactive (para)limbic circuitry, antidepressant drugs are believed to 
predominantly exert their effect in a bottom-up manner (DeRubeis et al., 2008).
Neuroimaging studies assessing the effect of antidepressant drugs on 
activation and deactivation of individual regions in response to emotionally 
valenced stimuli provide important insight into the working mechanism of these 
pharmalogical agents on the system level. Additional critical information is 
obtained by assessing changes in the interaction between different subcomponents 
of the affective neurocircuitry. Previous studies have investigated the influence 
of subchronic antidepressant treatment on functional connectivity patterns in 
depressed patients, providing initial evidence for their merit in altering neural 
interactions (Anand et al., 2007; Anand et al., 2005; Chen et al., 2008). In these 
studies observed changes in network properties of the affective neurocircuitry 
coincided with clinically relevant improvements in subjective mood. Here, we 
investigate the effect of duloxetine in healthy individuals to try to characterize the 
direct effect of duloxetine on brain function independent of changing symptom 
state. We show that duloxetine enhanced functional coupling between the amygdala 
and the anterior insula, without measurable changes in mood. Enhanced coupling 
between these regions is in line with Chen and colleagues who reported decreased
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coupling between the amygdala and the insula in a depressed study population 
at baseline, which increased to normal levels after drug treatment (Chen et al.,
2008). Together, these and our data support the notion that augmenting functional 
connectivity within the affective neurocircuitry adds importantly to the therapeutic 
action of antidepressant drugs. The amygdala and anterior insula are anatomically 
strongly and reciprocally connected (Augustine, 1996). On a functional level, the 
anterior insula is hypothesized to convey the affective state that results from 
continuous interoceptive feedback of (aversive) bodily signals to the amygdala that 
subsequently regulates emotional behavior (Phelps and LeDoux, 2005; Phillips et 
al., 2003a). We observed enhanced coupling between amygdala and anterior insula 
in a functional connectivity analysis assessing connectivity patterns throughout 
the entire experimental session, which are corrected for, but irrespective of task 
conditions. The fact that we did not observe an effect of duloxetine in a task- 
dependent connectivity analysis (i.e, PPI), suggests that rather than influencing 
amygdala coupling in a task-dependent manner, duloxetine administration resulted 
in a persistently augmented background communication between both regions. In 
light of the reduced amygdala and anterior insula activation, the observed increase 
in steady-state functional coupling may thus reflect more efficient processing, which 
in turn reduces the necessity for high phasic reactivity to individual emotional 
stimuli. However, this interpretation remains speculative at this point, since a clear 
measure of communication efficiency is not readily available.
Current theoretical frameworks on depression posit that impaired 
prefrontal control over hyperactive, subcortical limbic circuitry is key in the 
neuropathophysiology of the disease and that normalization of this dysfunctional 
cortico-limbic interaction is a primary goal of pharmacological or psychological 
antidepressant treatment (Drevets, 2000a, 2003; Phillips et al., 2003b). In this 
study, we primarily found evidence for an effect of duloxetine on the processing 
within subcortical, (para)limbic neurocircuitry. Duloxetine did not enhance 
activation of modulatory dorsomedial or dorsolateral prefrontal regions or affect 
the regulatory interaction between such areas and amygdala in our connectivity 
analysis. The reason for this may be twofold. Firstly, within depression, such 
prefrontal effects representing the strengthening of 'top-down' emotion regulation 
have predominantly been related to psychological, but not pharmacological
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antidepressant treatment (DeRubeis et al., 2008). Various forms of psychotherapy 
such as CBT are believed to principally augment prefrontal control leading to 
conscious reevaluation of negative beliefs and subsequent improvements in mood. 
In contrast, drug treatment has been hypothesized to chiefly target the (para)limbic 
affective circuitry directly, which corresponds to the main findings of this study 
Secondly, prefrontal effects may take longer to develop. Targeting one part of the 
cortico-limbic loop by attenuation of (para)limbic hyperactivity with antidepressant 
drugs may eventually lead to normalization of the other part, namely disinhibition 
of the curtailed prefrontal regulatory network. These effects however, will most 
likely take longer than the two weeks of administration implemented in this study 
to become apparent.
Thisisthefirstplacebo-controlledneuroimagingstudyinhealthyparticipants 
that investigated the effect of the pharmalogical agent duloxetine, which has a 
combined effect on the reuptake inhibition of both serotonin and norepinephrine. 
Together with recent studies on duloxetine in depressed patients (Lopez-Sola et 
al., 2010), these findings may importantly substantiate the fundamental validity of 
this frequently used clinical drug by elucidating its neurobiological mechanism of 
action. At the same time, the dual action of duloxetine limits insight into whether 
the observed effects are mediated through changes in serotonin, norepinephrine, 
or both. A recent pharmacodynamic drug study in healthy humans suggests that 
subchronic administration of duloxetine in this dose mostly affects the reuptake 
of serotonin and not norepinephrine, although drug effects were measured 
peripherally, not centrally (Turcotte et al., 2001). Neuroimaging studies on the 
other hand have demonstrated reduced amygdala reactivity after subchronic 
administration of both reboxetine (a selective norepinephrine reuptake inhibitor) 
(Norbury et al., 2007) and citalopram (a selective serotonin reuptake inhibitor) 
(Harmer et al., 2006). A future placebo-controlled study comparing duloxetine 
with such selective serotonin and norepinephrine reuptake inhibitors may be able 
to more specifically tear apart the contribution of the different neurotransmitter 
systems in the effects of duloxetine on brain function.
Our results are largely in line with acute administration studies in healthy 
subjects that mainly report a reduction in amygdala reactivity following different
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antidepressant drugs (Anderson et al., 2007; Del-Ben et al., 2005; Takahashi et 
al., 2005) but see (Bigos et al., 2008) for amygdala upregulation by citalopram). 
However, the neuropharmacological mechanism behind single dose and (sub) 
chronic drug administration is critically different. Acute monoamine reuptake 
inhibition is linked to a decrease in effective neurotransmission through an initial 
stimulation of inhibitory, presynaptic autoreceptors. (Sub)chronic administration 
on the other hand is thought to result in a desensitization of the same inhibitory 
autoreceptors and eventually neurogenesis, effectively potentiating monoamine 
signaling in target neurons (Nutt, 2002; Schloss and Henn, 2004). Therefore, 
our results after subchronic administration presumably reflect other cellular 
mechanisms and are rather complementary to acute administration studies than 
confirmative.
Finally, what is the functional relevance of these findings if the duloxetine- 
induced reduction in bottom-up processing of salient information can occur without 
a concomitant attenuation of negative affective state or negativity bias? Duloxetine, 
as used here, did not influence subjective mood or anxiety ratings, nor affected any 
psychophysiological measure indexing a negative perceptual bias (reaction time, 
response accuracy). At first sight this limits the generalizability of our findings 
to the clinical state of depression, since symptom reduction is the primary aim of 
antidepressant treatment. However, mood changes are not anticipated in a healthy 
subject population. In fact, as stated before we specifically set out to investigate 
the effect of duloxetine on brain function independent from concomitant mood 
improvement or symptom remission. We now show that duloxetine targets the same 
affective neurocircuitry that is implicated in depression (Phillips et al., 2003b), but 
without a measurable improvement in mood that normally accompanies the drug- 
induced downregulation of this circuitry in depressed patients. We thus provide 
indirect evidence that the working mechanism of this type of antidepressants 
is a direct attenuation of the bottom-up processing in (para)limbic affective 
neurocircuitry rather than a more indirect effect on mood.
In sum, we show that the effect of subchronic duloxetine administration 
in healthy individuals goes beyond a simple reduction in amygdala reactivity. 
This dual-acting drug selectively attenuates bottom-up, affective processing in
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the extended amygdala circuitry that is typically thought to underlie emotional 
dysfunction in depression, while potentiating functional coupling between its 
subparts, which together may represent a putative mechanism through which 
duloxetine normalizes an overt negativity bias in depression.
5.6 Supplem entary m aterial
Suppl. table 5.1. Questionnaires and behavioral performance
Duloxetine Placebo
BDI scores 2.41 (2.4) 1.47 (2.1)
STAI scores 29.4 (5.4) 29.6 (6.4)
Response Accuracy (%)
Faces 0.92 (0.10) 0.93 (0.09)
Control 0.95 (0.08) 0.92 (0.09)
Reaction time (ms)
Faces 1766 (502) 1917 (543)
Control 1052 (451) 1027 (398)
Data are shown as mean (SD)
BDI, Beck Depression Inventory; STAI, State-Trait Anxiety 
Inventory;
main effect of coupling with amygdala
t-value
Suppl. Figure 5.1. Seedregion connectivity analysis showing enhanced functional 
coupling between the amygdala (seedregion, in green)  and the hippocampus, the 
anterior insula, the thalamus, the fusiform gyrus, and various frontal areas across 
drug conditions. T-map is thresholded at p < 10-6, uncorrected and overlaid onto 
a canonical T-1 weighted image in standard MNI152 space. R, right.
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6.1 Summary
This thesis started with Julie’s story of an intensely stressful and potentially 
traumatic experience. Luckily for Julie Almond this story was fictitious. I wrote it to 
illustrate that even though these types of instantly threatening, emotionally stressful 
events are part of daily life, we know very little about what happens in the brain 
when we experience them. Our colleagues from the animal neurosciences know 
more. An impressive line of research, mostly in rodents, has made considerable 
progress in delineating the autonomic and neurohormonal stress systems 
underlying the acute stress response. A satisfactory translation of these principles 
to the systems-level in humans is currently however lacking, especially concerning 
the cerebral basis of the stress response. The central aim of this thesis was to 
combine functional neuroimaging, experimental stress induction, pharmacological 
manipulation, and various neurocognitive tasks probing emotional processing 
and memory to gain insight into how the temporally distinct phases of the stress 
response are orchestrated on the systems-level in humans. In the experimental 
chapters we progress through the entire timeline of Julie’s experience. In chapter
2 we show that under acutely stressful conditions amygdala function shifts towards 
heightened sensitivity at the cost of lower levels of specificity. The immediate 
aftermath of acute stress is then shown to be characterized by prolonged activation 
of an amygdala-centered stress and salience processing network in chapter 3. 
In chapter 4 we show that cortisol administration during first post-encoding 
sleep benefits the consolidation of emotional or stressful memory traces while 
simultaneously depotentiating their affective charge. Finally, in chapter 5 we show 
that a drug (duloxetine) that targets pathological endpoints of stress in the form of 
stress-related mental disease attenuates the bottom-up processing of biologically 
salient information in an affective processing network, including amygdala, in 
healthy volunteers. While the amygdala is the central brain structure throughout 
the thesis, the anatomical focus in some of the chapters goes beyond the amygdala 
alone to include multiple connected brain regions that form a shared neurocircuitry 
for emotion, stress and salience processing. These results will be further detailed 
and discussed below
6.1.1 The Red-faced m an /  Amygdala function during acute stress
The moment he appeared from the shadows, the red-faced man posed
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an instant threat to Julie’s stable biological and mental state of equilibrium, or 
homeostasis. From animal research we know that the central stress circuitry that 
detects the threat, and mounts the appropriate response to defy it and ultimately 
restore homeostasis, centers critically on the amygdala (Joels and Baram, 2009). In 
chapter 2 we set out to investigate how acute, experimentally induced stress affects 
amygdala function on the systems-level in humans. We probed amygdala function 
using a dynamic facial expression task, including angry, fearful, and happy faces. 
The effect of stress on amygdala function was investigated using a psychological 
stress induction procedure, developed by our lab, that embedded the task in an 
either acutely stressful or emotionally neutral context by means of short, adjoining 
movie clips with highly aversive or neutral content, respectively, in conjunction with 
a self-referenced instruction. Using this set-up, we showed first that acute stress 
drives the amygdala and connected visual regions involved in face processing, 
such as primary visual cortex and FFA, towards enhanced processing of emotional 
facial stimuli. This joint, enhanced activation pattern suggests that under acutely 
stressful conditions, the amygdala may facilitate the hypervigilant processing of 
emotional stimuli in relevant sensory regions, possibly by lowering their perceptual 
thresholds, as has already been shown in the context of emotion (Vuilleumier and 
Pourtois, 2007). Second, this heightened sensitivity in the amygdala is accompanied 
by decreased specificity as stress shifts amygdala function from a threat-selective 
response pattern (only angry and fearful) to an indiscriminate, heightened reactivity 
to all facial expressions (including happy). This better-safe-than-sorry mode of 
amygdala reactivity under stress can be understood in the context of amygdala’s 
recently proposed role as sentinel or gatekeeper that is primarily involved in threat 
detection and vigilance regulation (Davis and Whalen, 2001; Phelps and LeDoux,
2005). This will be further discussed in 6.2.1 The amygdala on alert. Although such 
indiscriminate hypervigilance under stress, mediated by the amygdala, serves clear 
adaptive function in adverse, stressful situations where any false negative may be 
potentially fatal (Ohman and Mineka, 2001), it may similarly represent a tentative 
mechanism of psychological trauma etiology (Rauch et al., 2006), as I will explain in 
more detail in 6.2.2 Implications for psychiatry.
6.1.2 Julie's ordeal is over /  Amygdala function in the immediate aftermath of 
acute stress
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As soon as the red-faced man ran off and Julie slid down against the 
damp wall of the underpass, her ordeal was over. However, the risk to develop 
any adverse effects as a result of this stressful event was not. Recent theory 
suggests that sustained activation of mostly NE-driven central stress circuits 
after the stressful event may, in case of severe stress or phenotypically vulnerable 
individuals, precipitate stress-related mental disease (Yehuda and LeDoux, 2007; 
Krystal and Neumeister, 2009). So, almost as crucial as the immediate activation of 
central stress systems in response to threat, is their proper and timely cessation. 
In chapter 3 we measured spontaneous, post-stress connectivity patterns within 
an amygdala-centered stress network in an attempt to characterize this highly 
relevant, but largely uninvestigated time window, referred to as the immediate 
aftermath of acute stress. Specifically, using a seed-based connectivity analysis, we 
probed sustained functional coupling of the amygdala (as seed region) with the rest 
of the brain during a resting-state condition that marked the end of a prolonged 
period of experimentally-induced stress. Placebo-controlled stress induction was 
similar as described in chapter 2. Conforming our hypothesis, we showed enhanced 
functional coupling of the amygdala with dACC and anterior insula following stress. 
These regions are densely and reciprocally connected to the amygdala (Augustine, 
1996), and are through their role in autonomic-interoceptive feedback processing 
(Critchley, 2005; Craig, 2009) strongly implicated in mediating the autonomic 
bodily arousal that normally accompanies vigilant states. Furthermore, together 
with amygdala and connected brainstem regions they have been described as jointly 
forming a so-called salience processing network (Seeley et al., 2007). This is an 
intrinsic connectivity network, originally characterized in resting-state recordings, 
that is interpreted to be particularly geared towards the continuous integration of 
the affective, autonomic, and visceral representations of biologically salient events 
to guide adaptive behavior. Our data now implies that this background scan for 
homeostatic salience is persistently augmented in the immediate aftermath of 
acute stress. Additionally amygdala showed enhanced post-stress coupling with a 
dorso-rostral pontine region, which strongly overlaps with the anatomical location 
of the LC. As discussed in the introduction, the amygdala and LC/NE-system are 
tightly coupled in the context of acute stress (Joels and Baram, 2009), and together 
mediate the surge in vigilance that characterizes the initial stress response 
(Valentino and Van Bockstaele, 2008). Thus these findings, together with other
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reports from our laboratory indicating that our stress induction procedure is linked 
to increased noradrenergic action (Henckens et al., 2009; Cousijn et al., 2010), 
suggest that the observed protracted connectivity patterns after stress may be in 
part driven by elevated central NE-signaling. Adopting this view, our data may point 
towards the immediate enhanced, prioritized post-stress consolidation of stress- 
related memory traces, as increased (3-adrenergic action in the amygdala has been 
shown to underlie the enhancing effect of stress and stress hormones on memory 
consolidation (McGaugh, 2004; Roozendaal et al., 2009). Of course, this remains 
speculative, since directly measuring elevated central NE-signaling is not possible 
in this type of research. Also no behavioral measure of memory was obtained in this 
study. In conclusion, in chapter 2 we have shown that controlled stress induction 
resulted in the hypervigilant processing of emotional stimuli by amygdala and 
related sensory areas. In chapter 3 we extend these findings by showing that even 
in the absence of an emotional processing task or any direct perceptual input, an 
amygdala-centered network exhibits prolonged functional coupling in the direct 
aftermath of acute stress. Functionally this can be interpreted as a prolonged 
period of possibly LC-originating arousal that promotes a preparatory state of 
readiness in a stress/salience network consisting of amygdala, dACC, and AI, as will 
be further discussed in 6.2.1 The amygdala on alert. Finally, how these data may be 
informative, on a purely speculative basis, on the process of psychological trauma 
etiology will be discussed below in 6.2.2 Implications for psychiatry.
6.1.3 A night Julie will never forget /  Amygdala, cortisol', and emotional memory 
consolidation
Although Julie would probably prefer to forget the horrific events of that 
late Friday night, she is likely to remember them for the rest of her life. A strong 
line of animal research postulates that glucocorticoid action during memory 
consolidation is largely responsible for this (at times unwanted) enhanced long­
term retention of emotional events (McGaugh and Roozendaal, 2002). Specifically, 
glucocorticoid action in amygdala is thought to modulate the gradual reorganization 
of emotional memory traces leading to their prioritized consolidation. In chapter 
4 we tested this hypothesis in healthy volunteers. We administered hydrocortisone 
during a polysomnographically monitored night of sleep and assessed its effect 
on the consolidation of negatively charged and emotionally neutral pictures that
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were encoded just prior to sleep, in a double-blind, placebo-controlled, between 
subjects design. Implementing the remote vs. recent memory paradigm (Takashima 
et al., 2006; Takashima et al., 2009), memory consolidation was probed during a 
recognition test in the MR scanner on the evening of the next day by assessing 
the difference in memory performance and brain activity for the pictures studied 
before sleep (remote) and new pictures that were studied just prior to test 
(recent). Thus, the remote pictures transitioned through a sleep-dependent phase 
of memory consolidation that in half of the participants was accompanied by 
significantly elevated levels of cortisol. In contrast, the recent pictures were neither 
consolidated, nor affected by the cortisol manipulation, as cortisol levels did not 
differ between groups at recent encoding nor at test. Using this set-up we showed 
that the emotional enhancement effect of memory (negative pictures > neutral 
pictures) was larger for remote than recent pictures, and that this consolidation 
benefit for emotional pictures was particularly pronounced in the cortisol group. 
Despite a small number of partly inconclusive studies, some confounded by pre- 
instead of post-encoding cortisol administration (Buchanan and Lovallo, 2001; 
Kuhlmann and Wolf, 2006) and some others investigating general stress rather 
than isolated cortisol effects (Cahill et al., 2003; Abercrombie et al., 2006), we are 
the first to demonstrate that hydrocortisone administration during post-encoding 
sleep mediates a true prioritization of emotional over neutral memory consolidation 
in humans. On a neural level, we show that this facilitation of emotional memory 
consolidation by cortisol was accompanied by a reduction in amygdala reactivity 
during the retrieval of the same remote, negative pictures. Using the remote vs. 
recent set-up, we measured the consequences of the consolidation process (during 
retrieval), rather than the process itself. Although still much debated, the functional 
interpretation of amygdala activation during emotional memory retrieval centers 
around the idea that amygdala facilitates the recollection of emotional memories 
(by the hippocampus) by re-instating the original arousal that accompanied the 
encoding of the event, during retrieval (Buchanan, 2007). The amygdala may 
subsequently be further activated in response to the internally generated emotional 
experience. Adopting this view, our results suggest that one way in which cortisol 
modulates the consolidation process during sleep is by attenuating the level of 
intrinsic arousal that was linked to the emotional memory trace. This interpretation 
fits emerging theoretical notions on the role of sleep in emotional memory. These
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state that, in case of emotional experiences, sleep-dependent consolidation serves 
to decouple the affective tone of the emotional memory trace from its informational 
(factual) core through a process of conceptualization whereby the emotional 
memory is integrated into pre-existing, neocortically-stored semantic memory 
(Walker, 2009; Walker and van der Helm, 2009). In this way the veracity of the 
memory is preserved and solidified, while the autonomic arousal that accompanied 
the initial experience is depotentiated and ultimately ameliorated. Our results now 
indicate that cortisol facilitates or speeds up this process during sleep, leading to the 
observed behavioral consolidation benefit for emotional memory, in the presence of 
attenuated amygdala reactivity, as suggestive of reduced autonomic arousal. Below, 
in 6.2.2 Implications for psychiatry, I’ll explain how these findings may constitute 
a meaningful contribution to the ongoing debate on the mechanism behind the 
reported preventive effect of glucocorticoids in PTSD (Pitman and Delahanty, 2005; 
de Quervain et al., 2009).
6.1.4 Will Julie see the young psychiatrist again? /  Duloxetine and its effect on 
the extended amygdala circuitry
The young psychiatrist in the emergency ward did not visit Julie without a 
reason. Often aversive experiences like Julie’s are not confined to the event itself, 
but have long-term effects and may even precipitate stress-related mental disease. 
One possible pathological outcome of stress is depression (next to PTSD, as will be 
discussed at the end of this paragraph). Current neuropathophysiological models 
of depression suggest that specifically hyperactivation of a (para)limbic affective 
neurocircuitry centered on amygdala and connected regions (including ACC, insula, 
and thalamus) may underlie the negative perceptual and mnemonic processing 
biases typically seen in depression (Mayberg et al., 1999; Drevets, 2000; Phillips et 
al., 2003b). Antidepressant drugs that target stress-related neuromodulators, like 
NE or serotonin, have been shown effective in the treatment of depression, possibly 
through down-regulation of this hyperactive, amygdala-centered neurocircuitry 
(Anand et al., 2005; Chen et al., 2008). However, within depressed patients the 
observed alterations within the circuit typically coincided with mood improvements. 
Subsequent studies trying to disentangle drug action from its influence on depressive 
symptomatology studied healthy volunteers (Harmer et al., 2006; Norbury et al., 
2007; Arce et al., 2008) and primarily reported a reduction on amygdala reactivity,
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leaving the effect of antidepressants on the affective neurocircuitry as a whole 
uninvestigated. In chapter 5 we set out to investigate the effect of subchronic (two 
weeks) administration of the antidepressant duloxetine (a combined serotonin 
and norepinephrine reuptake inhibitor) in healthy volunteers on reactivity and 
functional connectivity within the affective neurocircuitry in a double-blind, 
placebo-controlled, crossover design. Using an emotional face matching task, 
we showed that duloxetine reduced neural responses not only in amygdala, but 
within a broader (para)limbic network, additionally consisting of anterior insula, 
thalamus, and vACC. This network is generally indicated in the processing of 
biologically salient information and the generation of affective states (Phan et al., 
2002; Phillips et al., 2003a; Seeley et al., 2007). Additionally, functional coupling 
between the amygdala and the anterior insula was enhanced by the drug. Given the 
type of connectivity analysis used, indexing task-independent amygdala coupling, 
this suggests that duloxetine administration resulted in a persistently augmented 
background communication between both regions, possibly resulting in more 
efficient processing. This would reduce the necessity for high phasic responses to 
emotional stimuli in the activation analysis. Taken together, this data suggests that 
the dual-acting drug duloxetine attenuates the bottom-up processing of biologically 
salient, potentially aversive information in the same affective neurocircuitry that 
is typically thought to underlie emotional dysfunction in depression, while at 
the same time possibly potentiating the effective communication between its 
subparts. Since duloxetine in our study did not affect anxiety or mood ratings, these 
data provide indirect evidence that this type of antidepressants mainly work by 
normalizing negativity biases through directly targeting the bottom-up processing 
in affective neurocircuitry rather than through an indirect effect on mood. The 
reported (para)limbic affective neurocircuitry shows considerable overlap with 
the stress/salience network reported in chapter 3, as well as with the salience 
processing network reported by Seeley and colleagues (Seeley et al., 2007). This 
suggests that, even though within the field of depression research they are labeled 
“affective”, the reported areas of activation throughout this thesis, including the 
amygdala, anterior insula, ACC, thalamus, and LC, most likely represent a shared 
neurocircuitry for emotion, stress, and salience processing. Finally, I acknowledge 
that reading the story one may expect that in the unfortunate event of any stress- 
related disease to develop, Julie is more likely to develop PTSD than depression.
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However, although the framing of this chapter is centered on depression, the results 
may be equally interpretable in the context of PTSD. The neurocircuitry of PTSD is 
similarly centered on the amygdala (next to failing regulatory frontal mechanisms), 
as witnessed by consistent amygdala hyperresponsivity in PTSD patients in 
response to trauma-related (Liberzon et al., 1999), as well as generally threatening 
(Rauch et al., 2000; Shin et al., 2005) and even emotionally neutral material 
(Hendler et al., 2003). In contrast to depression however, this hyperreactivity of 
amygdala is interpreted as underlying an exaggerated fear response or as indicative 
of a general state of hyperarousal. Furthermore, just like in depression, ssri's and 
snri’s are registered drugs in the treatment of PTSD. Hence, duloxetine may prevent 
exaggerated fear responses or reduce central arousal by a similar bottom-up 
mechanism of attenuating affective processing in (para)limbic circuitry
6.2 General discussion
How well did we succeed in the general aim of the thesis: To translate 
some of the principles on stress derived from animal research to the systems-level 
in humans using functional neuroimaging in healthy volunteers? Inherent to the 
method used (fMRI) we primarily gained insight into the functional topography of 
the stress response (chapters 2 and 3), and of different stress-related phenomena, 
like emotional or stress-related memory (chapter 4), and emotional processing 
under influence of a drug that targets stress-related disease (chapter 5). Based 
on its crucial position within the central stress circuitry, we maintained a strong 
anatomical focus on the amygdala throughout the thesis. Not surprisingly most 
of the insights concerning brain function during the four time windows studied 
center on this subcortical structure. In chapters 3 and 5 the findings extend 
beyond the amygdala to include a broader network of connected regions, including 
anterior insula, ACC, thalamus, and brainstem nuclei, that seems to have a shared 
function in stress, emotion, and salience processing. Apart from insights into 
functional topography, we attempted in some of the chapters to elucidate part of 
the neurohormonal mechanism underlying these stress-related phenomena by 
combining neuroimaging and pharmacological manipulation. In chapter 4 this 
concerned the role of cortisol in stress-related or emotional memory consolidation. 
Likewise, in chapter 5, we learned that administering a drug that targets
Summary and general discussion | 123
noradrenergic (and serotonergic) neurotransmission affects the processing of 
biologically salient stimuli in affective neurocircuitry. Finally, some of the findings 
in this thesis potentially shed light on the neuropathophysiology and/or prevention 
of stress-related mental disease. Moreover, most of them give rise to new research 
questions and hypotheses that need experimental confirmation. These issues will 
be separately discussed below.
6.2.1 The amygdala on a le rt /  Amygdala function throughout the entire timeline 
of stress
Current theoretical notions suggest that amygdala function goes beyond fear 
learning or the processing of negative emotions to more generally encompass threat 
detection and vigilance regulation (Davis and Whalen, 2001; Phelps and LeDoux,
2005). In this view the amygdala is primarily involved in facilitating the prioritized 
perceptual and mnemonic processing (in sensory cortices and hippocampus, 
respectively) of potential threat cues that it detects in a continuous environmental 
scan for homeostatic salience. The amygdala can thus be conceptualized as a 
sentinel of salience, a watchful gatekeeper, that is on a constant look-out for threat 
and when activated prepares the brain to optimally perceive the challenge and 
mount the proper response. In case the perceived threat challenges homeostatic 
equilibrium, the resultant upregulation of vigilance constitutes an essential aspect 
of the initial stress response (de Kloet et al., 2005). In this function the amygdala is 
particularly dependent on direct noradrenergic innervation from the LC-NE system 
that is tightly coupled to amygdala in the context of acute stress (Joels and Baram,
2009). In this paragraph I will attempt to apply this theoretical notion to the findings 
described in this thesis and by doing so, reconstruct the role of the amygdala in the 
four distinct time frames of Julie’s stressful experience. These interpretations of 
amygdala function are schematically depicted in figure 6.1. Please note that this 
figure is simplified with respect to reality, yet extends beyond the empirical data 
described in this thesis.
[Figure 6.1, panel 1:] Under the acutely stressful conditions described in 
chapter 2 the amygdala exhibited enhanced reactivity to biologically salient, 
emotionally charged facial stimuli. Given the above, this indicates a heightened 
sensitivity for or potentiated processing of potential threats when generally
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threatened. The associated enhanced activation of sensory regions involved in face 
processing, could indicate that the amygdala, in its function as gatekeeper lowers 
the perceptual threshold in these areas during stress to facilitate the hypervigilant 
processing of potential threat cues (Vuilleumier and Pourtois, 2007). The necessary 
data on amygdala-cortical connectivity patterns and their directionality to back up 
this interpretation can however, not be provided in this study. Threat detection 
by the amygdala is believed to be partly driven by incompletely processed, 
relatively coarse, low spatial frequency features of (potentially threatening) visual 
stimuli (Vuilleumier et al., 2003; Phelps and LeDoux, 2005; Alorda et al., 2007). 
This allows the amygdala to extract threat signals from the environment in a fast, 
almost automatic fashion, with a high level of sensitivity but with a possible bias 
towards false positives (Ohman and Mineka, 2001). The fact that under acute, 
experimental stress the amygdala now leaves a threat-selective response pattern 
to indiscriminately process all facial emotions (including happy) in a heightened 
fashion, seems to suggests that the gatekeeper adopts a even higher level of 
sensitivity at the cost of lower specificity. This could result in the over-detection 
(and misinterpretation) of the low spatial frequency features of the happy faces, like 
their repeated, flashing exposure of white teeth. Additionally, the amygdala may be 
geared towards lower detection thresholds for any incongruency or ambiguity in 
the experimental environment (happy faces in negative, stressful context). Future 
research may implement a behavioral measure of vigilance, such as for instance 
reaction times in a masked emotional stroop task (Roelofs et al., 2007), to more 
directly establish a link between activation of the amygdala and connected visual 
regions and the suggested indiscriminate hypervigilant processing. Additional 
experimental efforts in our laboratory have focused on measuring brain activation 
patterns during the viewing of the stressful movie clips themselves. For this we 
adopted complex analysis methods developed to investigate brain activity in 
natural viewing paradigms (Hasson et al., 2004). We found that the stress movie 
(as compared to the neutral movie) resulted in concerted activation of (para) 
limbic neurocircuitry including amygdala, thalamus and dACC, next to connected 
frontoinsular, inferotemporal and temporoparietal regions, and midbrain regions 
that regulate peripheral stress effector systems (Hermans et al, submitted). This 
corresponds largely to the previously described salience processing network 
(Seeley et al., 2007), and indicates a profound reorganization of system-scale
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network activity in response to stress that is aimed at rapidly and adaptively 
countering threat and restoring homeostasis.
[Figure 6.1, panel 2:] Then when the stressor ended, and we find ourselves in 
the aftermath of the stressful event (chapter 3), the amygdala exhibited prolonged 
coupling with anterior insula, dACC and LC, regions that together closely resemble 
the previously described salience processing network (Seeley et al., 2007). This 
suggests that the amygdala, as part of this salience processing network, continues 
to keep up its guard in the aftermath of stress, even in the absence of any direct 
emotional or even visual processing. In this case there is no need for vigilance 
regulation, just for salience searching. And this internally generated, protracted 
state of augmented alert by the amygdala is upholded by potentiated autonomic- 
interoceptive feedback by the anterior insula and dACC, and possibly driven 
by elevated central NE-signaling originating from the LC. Additionally, given its 
enhanced coupling to the LC, the amygdala may facilitate the immediate prioritized, 
NE-dependent consolidation of the stressful event (McGaugh, 2004).
[Figure 6.1, panels 3, 4 and 5] Coming to the first night of post-stress sleep, 
the amygdala, driven by neuromodulators such as NE and cortisol, is hypothesized to 
mediate the prioritized long-term storage of stress-related material by modulating 
the hippocampus and its interaction with cortical storage sites (McGaugh, 2004; 
Pelletier and Pare, 2004). This elusive process is experimentally challenging to 
capture using neuroimaging due to the absence of time-locked events. Therefore, it 
remains mainly speculative what the exact role of the amygdala is during this period 
in the context of this story. Possibly, the amygdala can still be seen as a gatekeeper 
that, in the absence of any perceptual input, turns its back to the gate and takes a 
moment to report the stored information on the different threats it detected and 
processed during the day to brain regions responsible for archiving these events. This 
would result in the gradual transfer of (emotional) memory traces from amygdala 
to neocortical storage sites (Yerkes and Dodson, 1908; Walker and van der Helm, 
2009; Brewin et al., 2010), making them less amygdala-based upon subsequent 
retrieval (difference panel 3 and 5). Alternatively, the amygdala is merely reactive 
to internally generated states following the replay of emotional memory traces in 
the hippocampal-cortical loop. In its role as gatekeeper the amygdala reprocesses
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these previously perceived threats and by doing so feeds back information to the 
hippocampal-cortical loop to ensure their prioritized consolidation. I’ll discuss the 
role of the amygdala in emotional memory consolidation, and particularly the ways 
to investigate it in more detail in 6.2.4 Future perspectives. Yet, in chapter 4 we 
report the consequences of the consolidation process during retrieval, rather than 
the process itself. We observed that after nocturnal hydrocortisone administration 
the next-day retrieval of emotionally negative, consolidated material was 
accompanied by a reduction in amygdala activation (compared to placebo). What 
does this drop in amygdala reactivity mean and can we think of an interpretation 
that fits the above described theoretical notion of amygdala function? In chapter 
4 we adopt the view that the amygdala facilitates the retrieval of emotional 
memories by generating an arousal state (similar to the one experienced during the 
encoding of the event) that subsequently serves as a cue for the hippocampus in the 
facilitated retrieval process (Buchanan, 2007). This indicates a memory function 
of the amygdala during retrieval that surpasses the threat detection and vigilance 
regulation account, and is intrinsically related to the systems-level consolidation 
process that precedes retrieval. The view that the amygdala is subsequently further 
activated in response to the retrieved aversive memory (which by itself is again an 
internally generated threat cue) is however consistent with the threat detection 
account. The consolidated memory trace however, now represents less threat 
value (and thus evokes less amygdala activation) than the memory trace before 
consolidation (difference panel 3 and 5).
[Figure 6.1, panel 5] In the hypothetical final phase of Julie's stressful 
experience, in case the stressful event precipitated depression or PTSD, the 
amygdala is thought to be pathologically augmented in its search for salience. 
In case of depression the selective hyperresponsiveness of the gatekeeper to 
emotionally negative information is believed to result in the typically observed 
negative perceptual and mnemonic processing biases (Drevets, 2000; Phillips et al., 
2003b). In the context of PTSD, amygdala hyperresponsiveness is often interpreted 
as exaggerated fear response or as indicative of a general state of hyperarousal. The 
watchful gatekeeper has lowered its threshold of what is considered a potential 
threat and lost its ability to filter meaningless menace from true peril, which 
results in a predominant state of augmented alert with both excessive and needless
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amygdala alarms. In case of stress-related memory, recent theory posits that a 
memory trace gets traumatic when it stays mostly amygdala-based (as opposed 
to integrated into neocortical networks). This leaves it vulnerable to involuntary 
retrieval triggered by environmental or internal cues (often reminiscent of the 
original trauma) without retrieval of the appropriate autobiographical context 
(Brewin et al., 2010). This again suggests some kind of memory function of the 
amygdala in which threat detection and vigilance regulation only come into play 
after the traumatic event is retrieved and the threat is re-experienced. [Figure 
6.1, panel 6] In chapter 5, we administered a drug that is typically used to treat 
these stress-related mental disorders, in healthy individuals, and observed a 
reduction in amygdala reactivity to biologically salient stimuli. This suggests that 
even in the absence of a pathologically augmented search for salience, this type 
of drugs (presumably through “optimizing” noradrenergic and serotonergic 
neurotransmission) downregulates the amygdala in its function of threat detection 
and vigilance regulation.
Finally, both during the acutely stressful context (chapter 2) and the 
aftermath of acute stress (chapter 3) we hypothesize that the observed activation 
and connectivity patterns of amygdala and connected regions are mainly driven by 
elevated noradrenergic innervation originating from the LC. Indirect evidence of 
this claim is provided in both studies by the finding of enhanced coupling between 
the amygdala and a dorsal-rostral pontine region that anatomically overlaps 
with the LC (in chapter 2 described in the supplementary material). Directly 
measuring elevated central NE levels is difficult in this type of research. A future 
study aimed at pharmacologically blocking NE-signaling (e.g., with propranolol) 
and showing attenuated activation and connectivity patterns of the amygdala could 
however, more conclusively demonstrate the hypothesized relationship between 
hypervigilant and protracted salience processing and augmented noradrenergic 
signaling. In contrast, the administration of reboxetine, a NE reuptake inhibitor 
(leading to enhanced NE-levels in the synapse) would allow us to investigate the 
isolated effect of elevated NE-signaling on amygdala function, without the necessary 
stress induction procedure. Finally, as neuroimaging techniques evolve, combining 
for instance information on anatomy with metabolic measurements, it may become 
possible in the future to visualize and quantify online the involvement of NE (and
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Figure 6.1. A graphical representation of the neuroimaging findings of each 
of the experimental chapters in this thesis, depicting the entire timeline of 
events as they could relate to Julie's stressful experience. Please note that this 
graphical representation is oversimplified with respect to reality, yet also 
extends beyond the empirical data described in the chapters to additionally 
include a certain level of interpretation. See text for separate handling of each 
figure panel. Arrows indicate some form of functional interaction. A solid red 
color of the ellipse indicates involvement of the respective brain region, either 
as shown by the data, or as hypothesized from theory. The size of the ellipse 
reflects its relative amount of activation. Yellow circles depict the involvement 
of certain neuromodulators, which in relation to our data remains mostly 
speculative, but can be based on strong animal evidence. Again the size of the 
circles reflects its relative amount of involvement. Vis, primary visual cortex; 
ffa, face responsive area (of the fusiform gyrus); acc, anterior cingulate 
cortex; hip, hippocampus; AI, anterior insula; amy, amygdala, thal, thalamus, 
LC, locus coeruleus; NE, (nor)epinephrine; CO, cortisol.
possibly other stress-related neuromodulators) in the different phases of the stress 
response on the systems-level in humans.
6.2.2 Implications for psychiatry /  What can theyoung psychiatrist learn from the 
freshly graduated neuroscientist?
How are the findings described in this thesis informative in relation to the 
pathophysiology and possibly the treatment or prevention of stress-related illness, 
in particular PTSD? We can safely assume that the observed brain responses in the 
different studies represent normal, adaptive changes to moderate, experimentally 
induced stress. Therefore, their direct implication for understanding the emergence 
of PTSD after real-world stress is probably rather limited. Still, on a speculative 
basis, these findings of indiscriminate hyperresponsiveness of amygdala in acutely 
stressful context (chapter 2), sustained activation of an amygdala-centered 
connectivity network in the immediate aftermath of stress (chapter 3), and better 
but emotionally depotentiated memory after cortisol administration during first 
post-encoding sleep/consolidation (chapter 4) may shed light on the process 
of psychological trauma etiology. This is important since most, if not all of the 
neuroimaging research on PTSD encompasses the already established disease state
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(Etkin and Wager, 2007) in which the inception of the trauma and the mechanism 
behind it are hard to reconstruct. In this paragraph I will explore whether and how 
our data can be informative in relation to this process. And even though most of its 
content will be speculative, some speculations may proof valuable, especially when 
they hold certain heuristic value.
First of all, we show that amygdala function under acute stress is 
characterized by a heightened sensitivity to emotionally salient stimuli. Considering 
amygdala's role in fear learning, this heightened sensitivity, in combination with 
potentiated vigilant processing by sensory cortices may, under pathologically high 
levels of stress, form the maladaptive condition for exaggerated fear associations 
to be established. In conjunction with multiple other factors these may develop 
into traumatic memory traces (Rauch et al., 2006). The unselective nature of this 
amygdala hyperresponsiveness may then relate to the overgeneralization of these 
same fear associations. A fear response gets linked to innocuous information that 
happens to get encoded in the same stressful context and thus becomes part of the 
trauma. Clinically this corresponds to the often observed phenomenon in PTSD of 
non-aversive cues being able to trigger intrusions and subsequent re-experiencing 
of the trauma when this encoding relationship is present (Pine and McClure, 2005). 
Thus, although the observed better-safe-than-sorry mode of amygdala function 
under acute stress represents initial survival value in adverse situations where 
any missed threat could prove fatal, the above described mechanisms explicate its 
potential price.
Second, as discussed before, recent theoretical notions suggest that the 
sustained activation of primarily NE-driven central stress circuits after the stressful 
event may play a crucial role in the development of traumatic illness (Morgan et 
al., 2003; Krystal and Neumeister, 2009). In support of this, we show in chapter
3 that the immediate aftermath of an already moderate level of stress is indeed 
characterized by prolonged coupling within an amygdala-centered stress/salience 
network. Although again we lack direct evidence, coupling with the LC suggests 
that the network is NE-driven. We have suggested that sustained post-stress 
coherence within this network may facilitate protracted salience processing, as 
well as the immediate, prioritized NE-dependent consolidation of the stressful
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event. In a similar vein, one may postulate that after significantly higher levels 
of stress, a similar pattern of co-activation may promote a chronic state of 
hyperarousal and possibly the NE-dependent over-consolidation of stress or fear 
memories rendering them traumatic (Pitman, 1989). If our data is in support of 
theoretical notions linking sustained activation of NE-driven stress circuits to 
PTSD, then with equal precaution do they provide tentative support for the still 
largely experimental secondary prevention of PTSD. Here, blocking NE-signaling 
directly after the stressful event (e.g. by propranolol) is supposed to prevent the 
potentiated consolidation of traumatic memory traces and/or reduce general 
psychophysiological indices of arousal and thereby forestall the development of 
traumatic illness (Pitman et al., 2002; Vaiva et al., 2003; Brunet et al., 2008). This 
type of secondary prevention is a topic of increasing medical interest since primary 
prevention, as well as tertiary prevention or non-drug secondary prevention 
(debriefing) have proofed little effective (Pitman and Delahanty, 2005). Again a 
future experiment in healthy individuals aimed at pharmacologically blocking NE 
and showing attenuated coupling within the illustrated network (compared to 
placebo) would further substantiate this claim. Even more so, when combined with 
reduced behavioral measures of autonomic arousal (such as potentiated startle) and 
long-term memory for features of the experimental stressor. Finally, the findings in 
chapter 3 may be significant in relation to known individual differences in stress 
responsivity as determined by genetic and epigenetic factors (de Kloet et al., 2005; 
de Quervain et al., 2007; Cousijn et al., 2010). It could be postulated that certain 
phenotypically vulnerable individuals that show a failure to adequately contain 
and timely constrain an initialized stress response may be specifically at risk to 
develop traumatic illness through pathologically prolonged activation of a similar 
amygdala-centered stress network after trauma (Yehuda and LeDoux, 2007).
Third, a small number of recent pharmacological studies suggest a role 
for cortisol, given after the stressful event, in the prevention of PTSD (Schelling 
et al., 2006). When administered for a prolonged period in critically ill intensive 
care unit-patients or after major surgery, cortisol was observed to reduce the 
subsequent risk to develop PTSD. This preventive effect is typically attributed to 
the inhibitory effect of cortisol on memory retrieval (de Quervain et al., 2000), 
thereby interfering with a vicious cycle of spontaneous (involuntary) retrieval, re­
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experience and (re)consolidation of the aversive memories. Cortisol is thus claimed 
to prevent PTSD by promoting forgetting, a spontaneous process that occurs when 
a memory is not reactivated (de Quervain et al., 2009). Our findings described in 
chapter 4 now suggest that cortisol may alternatively prevent the development 
of traumatic memory not by blocking retrieval, but by facilitating the gradual 
reorganization of emotional memory traces during consolidation/sleep resulting 
in depotentiated, non-traumatic memories at subsequent retrieval. In this way the 
emotional memory is not forgotten, just decoupled from its emotionally aversive, 
and therefore potentially traumatic charge. This interpretation is in line with 
several studies showing that reduced cortisol excretion in response to a traumatic 
event (leading to diminished cortisol levels during consolidation) is associated 
with an increased risk for PTSD (McFarlane et al., 1997; Delahanty et al., 2000). But 
although in our opinion such a consolidation-based mechanism is more probable 
than a retrieval-based one, this needs to be further substantiated by experimentally 
demonstrating the depotentiated status of the emotional memory. Future studies 
may in addition to amygdala reactivity implement more direct indices of autonomic 
arousal like skin conductance or pupil diameter.
In conclusion, although the claims made in this paragraph are mainly 
speculative, some of them may hold certain heuristic value. With the proper follow- 
up experiments this type of basic stress research using neuroimaging in healthy 
individuals could prove valuable in aiding ongoing research efforts into PTSD. This 
particularly concerns insights into the process of actual trauma etiology, during the 
acutely stressful context, as well as during the direct aftermath of stress and during 
the first night of post-stress consolidation. Of course this is based on the assumption 
that the activation and connectivity patterns we observed in our experiments are 
the minor variants of what happens under pathologically high levels of stress. With 
equal likelihood the development of true trauma after real-world stress may be 
associated with a pattern of brain activation and physiological changes that differs 
qualitatively, rather than quantitatively, from this relatively mildly stressful state as 
it can be induced experimentally in healthy volunteers.
6.2.3 To stress or not to stress /  Some pose the question
When I first watched the movie Irréversible some time ago, I remember feeling 
profoundly uncomfortable, disquieted and distressed. I experienced an almost
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sickening sense of dread, together with an excruciating feeling of powerlessness. 
My heart turned up a notch, I felt the blood leave my face, and before the end of 
the tunnel scene I choose flight (instead of fight) and left the room. This emotional 
sensation stuck to me in such a profound way, that I immediately remembered 
(and partly relived) it when we first started brainstorming in the lab about stress 
induction methods using movies in the MR scanner. And thus I suggested it. And 
now I partly based Julie’s story on it, as you might have noticed. In this paragraph 
I will further motivate this choice and briefly discuss it in relation to other stress 
induction methods used within the field of cognitive neuroimaging.
Ever since the early days of stress research, experimenters have used 
movies to induce psychological stressful states. These included movie fragments on 
primitive forms of incision, various types of surgery (eye, dental), workshop 
accidents, and car accidents (Speisman et al., 1964; Hellhammer et al., 1985; Nejtek, 
2002). Surprisingly often scenes of Swiss urban areas have been used as neutral 
counter scenes. This method of stress induction using movies maximally preserves 
dynamic sensory and affective features of real-world stressful events and thus 
optimizes ecological validity. Furthermore, although the different movies differ in 
the type of prevailing emotion they induce, the method overall implements 
unpredictability, novelty, and uncontrollability, the main determinants of the human 
stress response as described by Mason (Mason, 1968). Moreover, the way we use it 
in our studies, the method meets the criteria described by Joëls and colleagues 
(Joëls et al., 2006) for stress enhanced memory to occur, i.e., close spatio-temporal 
proximity of stressor and task and (in case of chapter 2) content overlap of stressor 
and task. By putting the participants in the scene from an eyewitness perspective 
by means of introductory texts before each movie clip, we attempted to make it 
personal and in a way inescapable. Also we monitored by camera whether 
participants watched the entire scene. In a still expanding line of studies, we have 
consistently shown our stress movies induce stress. Overall they result in elevated 
heart rate, decreased heart rate variability, and in most (but not all) cases an 
increase in salivary cortisol and alpha amylase, next to increased subjective 
measures of negative affect (Henckens et al., 2009; Qin et al., 2009; van Marle et al., 
2009; Cousijn et al., 2010; Ossewaarde et al., 2010; van Marle et al., 2010; Hermans 
et al., submitted). In selected studies we have also shown that exposure to the stress
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movies results in changes in phasic pupil dilation responses that are indicative of a 
tonically elevated state of LC firing (Henckens et al., 2009). Furthermore, our stress 
induction method has been found to have several behavioral consequences, and 
result in better long-term memory (Henckens et al., 2009) and impaired working 
memory (Qin et al., 2009). In addition, other labs using stressful movies have had 
similar psychophysiological results (Wittling and Pfluger, 1990; Nejtek, 2002). At a 
later time we added a threat of electrical shock procedure to our stress induction 
method, in which participants were subjected to a small number of unpredictably 
delivered, mild electrical shocks to the fingers. To avoid habituation of the stress 
response after the first shock, participants were told that the potential next shock 
would increase in intensity and that intensity would increase with latency. Also the 
chance (threat) of receiving mild electrical shock was graphically depicted on the 
bottom of the screen. This method has been used reliably before to induce 
physiological responses related to stress (Grillon et al., 1991; Hermans et al., 2006). 
Considering these factors we think we have designed an effective as well as efficient 
method to experimentally induce stress in the scanner-environment. However, 
there are also other ways. According to an extensive review article by Dickerson 
and Kemeny, experimental stress is best induced (or: a cortisol response best 
elicited) by performance tasks that combine an element of uncontrollability with 
an element of social-evaluative threat (Dickerson and Kemeny, 2004). They explain 
this conclusion based on social self-preservation theory, which states that humans 
are driven to preserve the social self and are most vigilant to threats that jeopardize 
their social esteem or social status. One way to jeopardize social status is by negative 
evaluation. A research group in Trier, Germany has developed an experimental 
stress induction method based on these principles, in which participants are 
unexpectedly instructed to give an oral presentation on a certain subject in front of 
a negatively commenting group of “experts” (Kirschbaum et al., 1993). This is often 
combined with a difficult mental arithmetic task (counting backwards from a 
certain number with steps of 7), also combined with negative and, if necessary 
false, peer-referenced feedback. This so-called Trier Social Stress Test (TSST) was 
later adapted for imaging purposes (Dedovic et al., 2005). In the Montreal Imaging 
Stress Test (MIST) the oral presentation is usually dropped, and the focus is on 
computerized mental arithmetic tasks. Social evaluative threat comes from 
computerized (negative) feedback on performance. This is complemented by the
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experimenter that next to negatively criticizing, emphasizes the enormous scanning 
costs that are wasted on the participant. Importantly, on a conceptual level, one can 
question whether this type of experimental stress induction, centering on social 
evaluative threat, offers an ecologically valid model for emotionally aversive, 
potentially traumatic stressful experiences. A decline in her social status (or 
preservation of her social self) is not the first thing Julie has to fear when the red­
faced man appears from the darkness. Preservation of her bodily self is. In this 
sense paradigms like the TSST and the MIST represent useful and very valuable 
experimental models to investigate for instance the neural underpinnings of social 
anxiety. In our opinion however, they have less validity in experimental attempts to 
understand the process of psychological trauma etiology. Neuroimaging studies 
that have implemented this type of stress induction have reported either relatively 
weak increases in limbic activity (Wang et al., 2005) or a paradoxical reduction of 
limbic activation, including the amygdala and hippocampus (Pruessner et al., 2008). 
This is potentially explained by the fact that mental arithmetic tasks require more 
higher-order cognitive resources. It is known that, even without negative feedback, 
such tasks evoke deactivations in a set of brain regions referred to as the default 
mode network (Gusnard et al., 2001), which includes limbic regions such as the 
hippocampus (Esposito et al., 2006; Qin et al., 2009). It is also known that the 
hippocampus tonically inhibits the HPA axis (Herman et al., 1989). So, a suppression 
of the default mode network, including the hippocampus during this type of stress 
induction may lead to a cortisol increase through a mechanism of disinhibition of 
the HPA axis rather than a direct activation (Pruessner et al., 2008). Different types 
of stressors may therefore result in distinct alterations of brain activity even though 
both are accompanied by peripheral stress hormone release. One of the main 
reasons behind the prevalence of the TSST/MIST in stress research is that inducing 
real live-threatening stress in healthy volunteers is challenging, if not ethically 
unacceptable. Being an eyewitness to it on a video screen, possibly in combination 
with the threat of receiving electrical shock, is the closest thing to it in the laboratory 
environment, although this still only induces relatively mild stress. A recent fMRI 
study extended this methodology by letting subjects falsely believe (through 
prerecorded video) that a tarantula spider was placed in ever closer boxes to the 
subjects’ feet (Mobbs et al., 2010). By doing so, this study elegantly monitored 
activation of stress/fear circuits as a function of threat proximity. As the tarantula
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was placed closer to the subjects’ feet, the authors observed increased neural 
responses in the insula, dACC, midbrain, ventral striatum and bed nucleus of the 
stria terminalis; results that show remarkable overlap with the stress/salience 
processing network reported in chapter 3 and 5, as well as by others (Seeley et al., 
2007). The amygdala was especially sensitive to escalation of threat levels in terms 
of the tarantula's direction of movement, independent of proximity. Apart from 
these experimentally rather complex methods of stress induction, there is also the 
possibility to pharmacologically mimic the stress response by administering certain 
drugs affecting the ANS or HPA-axis stress systems. This approach has the advantage 
of being able to study the effect of these stress effector systems in relative isolation 
(like the time-dependent effect of cortisol on amygdala function (Henckens et al.,
2010)). This however, immediately is its disadvantage as well since it does not come 
close to capturing the full comprehensive complicity of the physiological stress 
response.
To conclude, something on cortisol. Dickerson and Kemeny ranked the 
different experimental stressors based on the size and duration of the measured 
cortisol response they elicited (Dickerson and Kemeny, 2004). This is an 
understandable approach given the predominance of (relatively easily sampled) 
cortisol measurements as stress index. However, to equate stress with (peripherally 
measured levels of) cortisol is dangerous. Especially when interested in studying 
the system-level brain dynamics underlying the more rapid, transient components 
of the stress response, like the immediate surge in vigilance and arousal subserved 
by the direct interplay between the LC/NE-system and the amygdala (Valentino and 
Van Bockstaele, 2008; Joels and Baram, 2009). The problem lies in the difficulty to 
measure or ideally visualize the neurohormonal or neurotransmitter-substances 
that effectuate these centrally located actions, like first and foremost NE. Perhaps 
with the advance of new neuroimaging techniques, like MR spectroscopy and 
combined PET-fMRI imaging, in which actual central levels of NE may be quantifiable 
in the future, will stress research be able to slowly move away from its predominant 
and rather myopic focus on cortisol.
6.2.4 Future perspectives
In addition to the experimental suggestions already embedded in the 
summary and discussion texts above, I would like to end with a paragraph that
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shortly discusses a few outstanding issues and schematically outlines approximate 
ways to study them.
First of all, can we get closer to understanding the full and precise 
mechanism behind the prioritized consolidation of emotional or stress-related 
memories? The inherent inability to consciously interact with the brain at sleep, 
renders sleep-dependent consolidation to be by far the most elusive phase of the 
mnemonic cycle. The difficulty lays in measuring or inducing any time-locked 
events. Hence within the field of neuroimaging, consolidation is usually probed by 
measuring the outcome of the consolidation process during memory retrieval, as 
we did in chapter 5. This however, results in a number of interpretation difficulties 
as we have also seen in chapter 5. This especially concerns amygdala function, 
being unable to satisfactorily separate amygdala reactivity due to the retrieval 
process from mere perceptual processing of the (emotional) retrieval cues. 
Furthermore, the outcome of consolidation is not the same as the consolidation 
process itself. So, future research into emotional memory consolidation should 
attempt to directly target the process of consolidation during sleep, as recently 
has been attempted by a small number of pioneering studies within the realm of 
neutral, declarative memory (Rasch et al., 2007; Rudoy et al., 2009; Diekelmann et 
al., 2011). In innovative designs they reactivated newly formed memories during 
post-learning sleep by presenting odor or auditory cues that were linked to the 
study items during awake learning. In case of Rasch et al and Diekelmann et al this 
concerned a particular smell that was presented as a context smell during learning 
of object-location pairs. In case of Rudoy et al this concerned characteristic sounds 
that were individually linked to certain object-location pairs. By showing that re­
exposure to the reactivation cues during post-learning sleep improved memory 
performance at subsequent retrieval, these studies provide initial evidence in 
humans that reactivation during sleep prompts memory consolidation. Rasch and 
colleagues furthermore showed that the reactivation of memories during sleep was 
associated with increased activity of the hippocampus, as indicative of the role of 
hippocampal reactivation/replay as starting point for systems-level consolidation 
(Stickgold, 2005; Diekelmann and Born, 2010). As a first step these experiments 
could be repeated using emotional study material, for instance in an emotional 
face-location association task. We have discussed that the prioritized retention of
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emotional over neutral memories is thought to result from amygdala modulation 
of the hippocampus during sleep-dependent memory consolidation (McGaugh,
2004). It would thus be interesting to see whether the reactivation of emotional 
memories during sleep would, in addition to hippocampus, lead to activation of the 
amygdala. In addition, all three studies reactivated neutral memories during slow 
wave sleep (SWS), and Rasch and colleagues continued to show that reactivation 
during REM sleep (or wakefulness) did not improve memory (Rasch et al., 2007). 
Emotional memory consolidation however, has been specifically linked to REM 
sleep (Wagner et al., 2001; Nishida et al., 2009). This link is primarily based on 
(partial) sleep deprivation studies and correlational data. It could be further 
substantiated by showing that reactivation during REM sleep (as compared to 
reactivation during SWS) would selectively boost the retention of emotional 
memories at subsequent retrieval. A reactivation design may also provide further 
support for recent theories on emotional depotentiation during sleep. As discussed, 
these theories state that during sleep-dependent consolidation the affective tone 
of the emotional memory trace is decoupled from its informational (factual) core 
through a process of integration into neocortically-stored conceptual memory 
(Walker, 2009; Walker and van der Helm, 2009). Stimulating this consolidation 
process by reactivating emotional memories during sleep and showing (as 
compared to non-reactivated memories) reduced indices of autonomic arousal at 
subsequent retrieval, in the presence of improved memory, would provide tentative 
support for such a depotentiation theory. Again an additional factor of sleep phase 
(REM vs. SWS) may be included in the design, since the depotentation theory of 
emotional memory consolidation is often linked to REM-sleep. Such a design could 
also be used to test the claim that neutral (informational) aspects of an emotional 
memory are consolidated specifically during SWS, while the emotional aspects are 
consolidated during REM sleep (Wagner and Born, 2008). Selective reactivation 
during SWS would then (as compared to no reactivation) result in better, but still 
emotionally charged memory, while reactivation during REM would lead to poorer, 
but emotionally depotentiated memory. Finally, by combining this reactivation 
methodology with pharmalogical manipulations affecting NE or cortisol (like 
potentiating or inhibiting cortisol action by administration of hydorcortisone and 
metyrapone respectively) one may further elucidate the role of these stress-related 
neuromodulators in reactivation-prompted consolidation. Of course all of the
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experiments described above hold great experimental challenges, most notably the 
difficulty of having participants sleep in a noisy and uncomfortable MR scanner 
Uncovering the neuromodulatory and systems-level processes behind emotional 
memory consolidation represents a valid research question in itself. However, 
most likely, it also forms a prerequisite to further understand traumatic memory 
consolidation. Thus, further advances along these (and other, not yet conceivable) 
experimental lines, could ultimately lead to a situation in which trauma victims 
are subjected to post-stress interventions combining reactivation with certain 
neurochemical or neurophysiological manipulations. Most likely, not so much as to 
erase the stress-related memory, but more to facilitate its progressive integration 
into neocortically-stored, conceptualized memory. This makes the memory trace 
less amygdala-based, and therefore less prone to involuntary, intrusive recollection, 
rendering it non-traumatic (Brewin et al., 2010).
Second, amygdala-LC interaction is crucial in orchestrating key aspects of 
the initial stress response, like the immediate surge in vigilance. Thus, future stress- 
related fMRI research should be able to better, and with more spatial certainty 
visualize LC activation. The LC is an anatomically minute structure, consisting of only 
9,500 to 23,000 neurons in each hemisphere. Given the limited spatial resolution 
of the MR scanner used (3T), the allocation of the observed brainstem effects in 
chapters 2 and 3 to the LC is tentative to say the least. Recently, a methodological 
discussion has emerged on how to best functionally image the human LC (Astafiev 
et al., 2010; Minzenberg et al., 2010; Schmidt et al., 2010), based on two fMRI 
studies reporting LC activation in Science (Minzenberg et al., 2008; Schmidt et al.,
2009), Suggestions are made to combine standard fMRI with in vivo MRI scans 
that visualize neuromelanin pigment within the LC (Sasaki et al., 2008; Astafiev 
et al., 2010; Schmidt et al., 2010). Furthermore, Eckert and colleagues suggest in 
their comment to use high-resolution imaging that is below the average 2-mm 
diameter of LC with brainstem-specific normalization, to define the location of the 
LC in each participant and show that individual results fall within the space of each 
participant's LC, and to demonstrate time-series correlations between LC activation 
and known peripheral indices of LC activity, such as skin conductance responses and 
pupil diameter (among other things). When implementing these methodological 
suggestions, future research can more specifically target the role the LC (and its
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interplay with other stress-related neurocircuitry, most notably the amygdala) in 
emotional processing during stress, as well as in sustained salience processing in 
the aftermath of stress, prioritized stress-related memory consolidation, and both 
the emergence and established pathophysiology of stress-related mental disease, 
like PTSD.
In sum, the work described in this thesis represents an initial attempt 
to translate some of what we know from established animal stress theory to the 
systems-level in humans. It shows that the exposure to a single stressful event 
results in a profound state change of amygdala functioning, putting it on high alert 
both during acute stress and the different phases of the aftermath. We describe how 
under acutely stressful conditions the amygdala adopts a better-safe-than-sorry 
mode of functioning, and how it continues to put up its guard in the immediate 
aftermath of the stressful event (together with connected regions being part of a 
stress/salience network). Cortisol administration during first post-encoding sleep 
then benefits the consolidation of emotional or stressful memory traces while 
simultaneously depotentiating their affective charge, leading to an attenuated 
alarm function of amygdala during subsequent retrieval. Under the influence of 
a drug that targets pathological end-points of stress, the amygdala (as part of a 
shared neurocircuitry for emotion, stress, and salience processing) is subsequently 
downregulated in its function of sentinel of salience. We continue to discuss that 
these findings, although on a purely speculative basis, hold some heuristic value 
especially with respect to the inception, and therefore prevention, of psychological 
trauma. Finally, we encourage this work to be extended, both based on and beyond 
the suggestions made in the final paragraph of the thesis, to further advance the 
translation and come to a more complete comprehension of what happens in Julie’s 
brain as we progress through the entire timeline of her stressful experience.
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Nederlandse samenvatting
Dit proefschrift begint met een verhaal. Het verhaal van Julie Almond en 
hoe zij op weg naar het promotiefeestje van haar vriend aangevallen wordt in 
een verlaten voetgangerstunnel. Door een man met een rood aangelopen gezicht 
(pagina 6-7). Een dergelijke gebeurtenis leidt bij de meeste mensen tot een heftige 
stressreactie. Dit verhaal is geschreven om te illustreren dat ondanks de impact die 
zulke ervaringen kunnen hebben op een mensenleven, wij momenteel nog te weinig 
weten over wat er gebeurt tijdens een dergelijke stressreactie in het menselijk brein. 
Bij stress is er een verstoring van de homeostase door een bepaalde dreiging of 
stressor (Selye, 1955). De combinatie aan fysiologische en psychologische functies 
die als doel heeft de dreiging op te heffen en het evenwicht, of homeostase, te 
herstellen, wordt gezamenlijk aangeduid als de stressrespons (of reactie) (Ulrich­
Lai and Herman, 2009). Vanuit dieronderzoek wordt steeds meer duidelijk hoe 
de verschillende autonome en neurohormonale stresssystemen de stressrespons 
vormgeven, ieder met hun eigen tijdsschaal. Een goede vertaling van deze 
inzichten naar het systeemniveau in het menselijke brein blijft echter vooralsnog 
uit, m et name met betrekking tot de cerebrale oorsprong van de stressrespons. 
Met systeemniveau bedoelen we in dit geval de activiteit van en interactie tussen 
verschillende hersengebieden (i.t.t. hersencellen of subcomponenten van cellen). 
De centrale doelstelling van dit proefschrift is het combineren van beeldvormend 
hersenonderzoek (functionele MRI) m et experimentele stress inductie, 
farmacologische manipulaties en diverse neurocognitieve taken die kijken naar 
emotie- en geheugenfuncties, in een initiële poging om datgene wat we weten vanuit 
dieronderzoek te vertalen naar het systeemniveau in mensen en zo te begrijpen wat 
er gebeurt in het brein van Julie op die betreffende vrijdagavond en daarna. In de
4 experimentele hoofdstukken, die elk een empirische studie beschrijven, richten 
we ons achtereenvolgens op 4 cruciale, duidelijk te onderscheiden tijdsvlakken 
van Julie’s ervaring, te weten het acuut stressvolle moment (hoofdstuk 2), 
de onmiddellijke nasleep hiervan (hoofdstuk 3), de eerste nacht waarin de 
stressgerelateerde herinneringen worden opgeslagen in het geheugen tijdens de 
slaap (hoofdstuk 4), en een mogelijk langetermijn gevolg van de ervaring in de
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vorm van stressgerelateerde ziekte (hoofdstuk 5).
De amygdala
Vanuit dieronderzoek weten we dat de amygdala een centraal 
aangrijpingspunt vormt in het brein voor de verschillende autonome en 
neurohormonale stresssystemen. In elk van de 4 hoofdstukken richten we ons 
daarom specifiek op de rol van de amygdala in dat betreffende tijdsvlak. In hoofdstuk 
3 en 5 komen daarnaast andere hersenstructuren aan bod, die verbonden zijn m et de 
amygdala, en verondersteld worden samen een netwerk te vormen met als functie 
het verwerken van stress-inducerende, emotionele, en saillante stimuli (Phan et al., 
2002; Seeley et al., 2007). De amygdala is een amandelvormige hersenstructuur diep 
in het brein (zie figuur 1.1). Dieronderzoek heeft uitgewezen dat de amygdala een 
cruciale rol speelt in verschillende vormen van emotioneel leren en geheugen, zoals 
conditionering (LeDoux, 1996; Phelps and LeDoux, 2005). Ook in mensen wordt de 
rol van de amygdala steeds duidelijker in allerlei vormen van emotioneel gedrag, 
zoals het herkennen van emotionele gezichtsuitdrukkingen (Morris et al., 1996), 
emotioneel geheugen (Cahill e t al., 1995), en emotionele besluitvorming (Bechara 
e t al., 1999). Aanvankelijk kwamen deze inzichten uit onderzoek bij patiënten met 
schade aan de amygdala (bijv. na een operatie voor epilepsie, of bij de zeldzame 
genetische aandoening van Urbach-Wiethe, waarbij de amygdala gecalcificeerd 
raakt). Met de ontwikkeling van beeldvormende technieken zoals fMRI is het 
mogelijk geworden om de functie van de amygdala in gezonde proefpersonen te 
onderzoeken terwijl zij een scala aan neurocognitieve taken uitvoeren. Vanuit 
recent onderzoek wordt langzaam duidelijk dat de rol van de amygdala zich vooral 
toespitst op de detectie van dreiging en de regulatie van vigilantie (Davis and 
Whalen, 2001; Phelps and LeDoux, 2005). De amygdala zou in dat opzicht gezien 
kunnen worden als een poortwachter die constant op de uitkijk staat voor potentieel 
bedreigende, en in het algemeen saillante of biologisch belangwekkende stimuli uit 
de omgeving, om vervolgens de verwerking van deze stimuli door andere delen van 
het brein, zoals de visuele hersenschors en de hippocampus, te bevorderen (Davis 
and Whalen, 2001; Vuilleumier and Pourtois, 2007), m et als doel respectievelijk 
een verhoogde vigilantie en een versterkt geheugen. Vanuit dit theoretisch kader 
reageert de amygdala dus niet alleen op angstgerelateerde stimuli, maar tevens 
op incongruente en ambivalente informatie, die een hogere vorm van vigilantie en
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aandacht vragen (Herry et al., 2007; Whalen, 2007). Recent onderzoek van William 
Seeley en collega's naar het brein in rust impliceert to t slot dat de amygdala samen 
m et andere emotieregulerende hersenstructuren, zoals de ACC, de anterieure 
insula, en verschillende hersenstamkernen een intrinsiek netwerk vormt wat zich 
continue op de achtergrond bezighoudt m et het integreren van alle affectieve, 
autonome en viscerale representaties van saillante stimuli uit de omgeving met als 
doel het genereren van adaptief gedrag (Seeley et al., 2007).
Hoofdstuk 2: De m an m et h e t rood aangelopen gezicht /  Amygdala Junctie tijdens 
acute stress
Vanaf het moment dat de man m et het rood aangelopen gezicht tevoorschijn 
komt uit de schaduw van de tunnel, vormt hij een directe bedreiging van Julie's 
homeostatische evenwicht (Selye, 1955; McEwen, 2007). In dergelijke gevallen van 
acute stress, bestaat het eerste deel van de stressrespons uit een directe toename 
van alertheid en vigilantie die zorgt voor de optimale detectie en perceptuele 
verwerking van dreiging (de Kloet et al., 2005). Zoals hierboven beschreven speelt 
de amygdala een essentiële rol in dit proces. Voor deze snelle aanpassingen is de 
amygdala voornamelijk afhankelijk van noradrenerge innervatie vanuit de LC. Het 
LC-NE systeem innerveert vrijwel het gehele brein, waaronder de amygdala, met NE 
en heeft in principe een algemene alarm functie (Sara, 2009). In de context van acute 
stress is het de directe interactie tussen een tonisch geactiveerd LC-NE systeem en 
de amygdala wat verantwoordelijk wordt gehouden voor de verhoogde detectie 
van dreiging en het reguleren van vigilantie (Joëls and Baram, 2009). Ondanks 
deze duidelijke relatie tussen acute stress en amygdala-afhankelijke vigilantie, is 
het vooralsnog onbekend wat de directe invloed van acute, psychologische stress 
is op amygdala functie op systeemniveau in mensen. Een beperkt aantal eerdere 
beeldvormende studies heeft zich gericht op het effect van stress op hersenfunctie 
in het algemeen (Wang et al., 2005; Pruessner e t al., 2008). In deze studies werd 
stress echter opgewekt door proefpersonen moeilijke rekensommen te laten 
uitvoeren onder sociaal evaluerende condities. Het is discutabel of dergelijke 
paradigma's een ecologisch valide model vormen voor wat er in het brein van 
Julie gebeurt tijdens haar emotioneel stressvolle, en potentieel traumatische 
ervaring. Om deze vraag beter te beantwoorden, combineerden we in hoofdstuk
2 een experimentele stress inductie methode m et een beproefde amygdala taak.
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Stress werd opgewekt middels sterk aversieve filmfragmenten (gecontroleerd 
m et neutrale filmfragmenten) die zowel voorafgingen aan als volgden op de taak, 
waardoor deze in feite plaats vond in een acuut stressvolle (dan wel neutrale) 
context. De amygdala taak bestond uit een emotionele verwerkingstaak waarin 
de reactiviteit van de amygdala op boze, angstige en blije gezichten gemeten werd 
(Sato et al., 2004) (zie figuur 2.1). We vonden dat acute stress amygdala functie op 
twee manieren beïnvloedt. Ten eerste zagen we een verhoogde reactiviteit van de 
amygdala en visuele verwerkingsgebieden (zoals primaire visuele cortex en FFA) 
op de emotionele gezichten. Dit suggereert dat tijdens acute stress de amygdala 
de hypervigilante verwerking van emotionele stimuli bevordert, mogelijk door 
het verlagen van de perceptuele drempel, zoals eerder aangetoond is in de context 
van emotie (Vuilleumier and Pourtois, 2007). Ten tweede, werd duidelijk dat 
deze verhoogde sensitiviteit van de amygdala gepaard gaat m et een verlaagde 
specificiteit aangezien de amygdala in de stressvolle context niet alleen verhoogd 
reactief was op de boze en angstige gezichtsuitdrukkingen (die een vorm van 
dreiging in zich hebben), maar op alle gezichtsuitdrukkingen (incl. blij). Deze vorm 
van ongedifferentieerde hypervigilantie impliceert dat de amygdala in de context 
van acute stress het zekere voor het onzekere neemt in de detectie van potentiële 
dreiging. Voor de detectie van dreiging gebruikt de amygdala ook wel niet volledig 
verwerkte visuele informatie m et een lage spatiële resolutie (Vuilleumier et al., 2003; 
Alorda et al., 2007), waardoor hij op een snelle, bijna reflexmatige manier dreigende 
signalen uit de omgeving kan extraheren. Het onderzoek wat beschreven wordt in 
hoofdstuk 2 laat nu zien dat in een acuut stressvolle situatie de amygdalare respons 
nog sensitiever wordt, maar minder specifiek. In de context van ons experiment 
vindt er mogelijk een overdetectie (en misinterpretatie) plaats van spatieel laag 
frequente aspecten van de blije gezichten, zoals de repetitief verschijnende witte 
tanden. Tevens hanteert de amygdala mogelijk een verlaagde detectie drempel voor 
elke vorm van incongruentie of ambivalentie in de experimentele setting, zoals 
positief geladen stimuli in een negatieve, stressvolle context.
Hoofdstuk 3: Julie's beproeving is voorbij /  Amygdala Junctie in de onmiddellijke 
nasleep van stress
Terwijl we ons in hoofdstuk 2 nog richtten op amygdala functie in een 
acuut stressvolle context, stellen we in hoofdstuk 3 de vraag wat er gebeurt in
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het brein van Julie wanneer de man m et het rood aangelopen gezicht haar loslaat 
en wegrent en daarmee de dreiging ophoudt te bestaan. Dit tijdsvlak, aangeduid 
als de onmiddellijke nasleep van stress (aftermath in het Engels), is belangrijk 
aangezien recente theorieën suggereren dat (onnodig lang) aanhoudende 
activiteit van vooral NE-aangedreven stress circuits in deze periode kan leiden 
to t het ontstaan van stressgerelateerde ziekten als depressie en PTSS (Morgan et 
al., 2003; Krystal and Neumeister, 2009). Net zo belangrijk als het aanzetten van 
centrale stresssystemen in reactie op dreiging, is dus het tijdig en op de juiste 
manier uitzetten ervan. Vooralsnog blijft het echter onduidelijk wat er precies op 
systeemniveau gebeurt in deze belangrijke periode in het menselijk brein. Om deze 
vraag te beantwoorden hebben we zogenaamde “resting state” fMRI gemeten direct 
nadat onze experimentele stress inductie eindigde (zie figuur 3.1). De procedure 
voor stress inductie was hetzelfde als beschreven in hoofdstuk 2. Gebruikmakend 
van een seed-based analyse keken we tijdens de resting state specifiek naar de 
aanhoudende functionele connectiviteit van de amygdala m et de rest van het brein. 
We vonden dat de amygdala verhoogd gekoppeld is aan de dACC en anterieure 
insula in de onmiddellijke nasleep van stress. Deze hersengebieden zijn sterk en 
wederzijds verbonden m et de amygdala en reguleren via autonoom-interoceptieve 
terugkoppelingsmechanismen o.a. de autonome arousal die gewoonlijk gepaard 
gaat m et een verhoogde vigilantie (Critchley, 2005; Craig, 2009). Daarnaast vormen 
zij samen met de amygdala en verbonden hersenstam structuren het eerder 
beschreven saillantie netwerk (Seeley et al., 2007). Onze resultaten suggereren nu 
dat de continue achtergrondscan van de omgeving op potentiële bedreigingen van 
de homeostase door dit netwerk verhoogd wordt uitgevoerd in de onmiddellijke 
nasleep van stress. Daarnaast vonden we een aanhoudend verhoogde koppeling 
tussen de amygdala en een hersengebied in de dorso-rostrale pons, wat anatomisch 
gezien sterk overeenkomt met de locatie van de LC. Zoals hierboven beschreven 
zijn de amygdala en de LC samen verantwoordelijk voor de initiële toename in 
alertheid en vigilantie aan het begin van de stressrespons (Joëls and Baram, 2009). 
Samen m et andere onderzoeken van ons lab die impliceren dat onze procedure van 
stress inductie leidt to t verhoogde NE niveaus (Henckens et al., 2009; Cousijn e t al., 
2010), suggereert deze bevinding dat de geobserveerde connectiviteitspatronen 
deels gedreven worden door toegenomen noradrenerge activiteit. Dergelijke 
aannames over verhoogde NE activiteit blijven vooralsnog speculatief omdat
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het in dit soort onderzoek niet mogelijk is om centrale niveaus van NE te meten. 
Eerder onderzoek heeft evenwel uitgewezen dat noradrenerge innervatie van 
de amygdala verantwoordelijk is voor de versterkte geheugenconsolidatie van 
emotionele of stressgerelateerde herinneringen (Roozendaal et al., 2009). Dit zou 
in ons experiment in theorie kunnen leiden to t het beter onthouden van de inhoud 
van de stressvolle filmfragmenten. Dit is echter niet direct getest. Concluderend, 
terwijl we in hoofdstuk 2 nog lieten zien dat experimentele stressinductie leidt 
to t de hypervigilante verwerking van emotionele stimuli door de amygdala en 
verbonden visuele gebieden, vinden we in hoofdstuk 3 dat ook zonder emotionele 
taak of zelfs enige vorm van visuele stimulatie, de amygdala als onderdeel van een 
stress/saillantie netwerk aanhoudend actief blijft in de directe nasleep van stress. 
Functioneel kan dit geïnterpreteerd worden als een verhoogde staat van alertheid 
van de amygdala die gevoed wordt door versterkte autonoom-interoceptieve 
terugkoppeling vanuit de dACC en anterieure insula, en mogelijk aangedreven 
wordt door verhoogde NE-innervatie vanuit de LC. Daarnaast wijst een toegenomen 
koppeling met de LC mogelijk op het versterkt vastleggen van de stressgerelateerde 
herinneringen.
Hoofdstuk 4: Een avond die Julie n ie t snel zal vergeten  /  De eerste nacht van 
geheugenconsolidatie en de rol van cortisol hierin
Terwijl Julie het liefst de gebeurtenissen van die vrijdag avond vergeet, zal 
ze waarschijnlijk grote delen ervan haar hele leven lang onthouden. Emotionele 
en stressvolle gebeurtenissen worden over het algemeen beter opgeslagen in 
het geheugen dan emotioneel-neutrale gebeurtenissen (LaBar and Cabeza,
2006). Vanuit dieronderzoek weten we dat de werking van glucocorticoïden 
tijdens geheugenconsolidatie grotendeels verantwoordelijk is voor dit (bij 
tijden ongewenste) effect (McGaugh and Roozendaal, 2002). Specifiek is het de 
amygdala, die aangestuurd door glucocorticoïden (en NE) verondersteld wordt 
geheugenprocessen in de hippocampus te moduleren en diens interactie met 
corticale opslaggebieden voor geheugen te bevorderen om zo de stapsgewijze en 
geprioriteerde reorganisatie van emotionele geheugensporen te bewerkstelligen 
(McGaugh, 2004; Pelletier and Pare, 2004). Het blijft echter onbekend hoe cortisol 
precies de consolidatie van emotionele herinneringen beïnvloedt op systeemniveau 
in mensen, m.a.w. wat het effect is van exogeen cortisol op de reorganisatie van
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emotionele geheugensporen tijdens de eerste slaap na encodering. Om dit te 
onderzoeken hebben we in hoofdstuk 4 een dubbelblinde, placebogecontroleerde 
studie gedaan waarin we hydrocortison hebben toegediend aan gezonde 
proefpersonen vlak voordat zij gingen slapen in het laboratorium (terwijl hun 
slaap gemonitord werd d.m.v. polysomnografie) en gekeken naar het effect hiervan 
op de consolidatie van emotioneel negatieve en neutrale plaatjes die zij net voor 
toediening geëncodeerd hadden (zie figuur 4.1). Geheugenconsolidatie werd de 
avond van de volgende dag getest m et een herkenningstest in de MR scanner d.m.v. 
het zogenaamde remote vs. recent geheugen paradigma (Takashima et al., 2006). 
Hierbij wordt gekeken naar het verschil in geheugenprestatie en bijbehorende 
hersenactiviteit tussen plaatjes die geëncodeerd worden net voor de slaap (remote] 
en plaatjes die geëncodeerd worden net voor de geheugentest (recent). Omdat 
alleen de remote plaatjes een proces van slaapafhankelijke consolidatie doormaken, 
wordt dit verschil (remote vs. recent) geïnterpreteerd als de mate van reorganisatie 
van geheugensporen als gevolg van geheugenconsolidatie. In het geval van ons 
experiment gaat de slaapafhankelijke consolidatie van de remote plaatjes in de 
helft van de proefpersonen gepaard met significant verhoogde niveaus van cortisol. 
Daarentegen worden in beide experimentele groepen de recente plaatjes noch 
geconsolideerd, noch beïnvloed door een cortisol manipulatie. Op gedragsniveau 
vonden we dat het verschil in geheugen tussen emotionele en neutrale plaatjes 
(negatief > neutraal) groter was voor de remote dan de recent plaatjes, en dat dit 
consolidatievoordeel voor emotionele plaatjes vooral aanwezig was in de cortisol 
groep. Een beperkt aantal eerdere gedragsstudies heeft gesuggereerd dat cortisol 
een facilliterende werking heeft op emotionele geheugenconsolidatie in mensen. 
Deze studies zijn echter moeilijk te interpreteren omdat zij ofwel cortisol vóór in 
plaats van na encodering toedienen (Buchanan and Lovallo, 2001; Kuhlmann and 
Wolf, 2006), ofwel het algemene effect van stress onderzoeken in plaats van het 
geïsoleerde effect van cortisol (Cahill e t al., 2003; Abercrombie et al., 2006). Daarom 
zijn wij de eersten die laten zien dat de toediening van hydrocortison tijdens de 
eerste slaap na encodering leidt tot een ware prioritering van emotionele boven 
neutrale geheugenconsolidatie. Op hersenniveau vonden we dat dit facilliterende 
effect van cortisol op emotionele geheugenconsolidatie gepaard ging met een 
afname in amygdala activiteit tijdens het ophalen van deze zelfde remote, negatieve 
plaatjes. Door gebruik te maken van het remote vs. recent paradigma hebben we in
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feite gekeken naar de gevolgen van het consolidatieproces tijdens het ophalen van 
herinneringen (ofwel retrieval) in plaats van het proces zelf (wat veel moeilijker 
te vangen is omdat je nooit precies kunt voorspellen wanneer het plaatsvindt). De 
functionele interpretatie van amygdala activiteit tijdens het ophalen van emotionele 
herinneringen centreert zich rondom het idee dat de amygdala het proces van 
retrieval door de hippocampus bevordert door dezelfde staat van arousal te 
bewerkstelligen als aanwezig tijdens de oorspronkelijke encodering van de 
emotionele herinnering (Buchanan, 2007). De amygdala wordt vervolgens verder 
geactiveerd in respons op de intern gegenereerde emotionele ervaring/herinnering. 
Onze resultaten suggereren daarom dat cortisol het consolidatieproces tijdens 
slaap beïnvloedt door de mate van intrinsieke arousal, die verbonden is aan het 
emotionele geheugenspoor, af te laten nemen. Deze interpretatie komt sterk overeen 
m et recente theorieën over de rol van slaap in emotioneel geheugen. Deze stellen 
dat, in het geval van emotioneel geheugen, het consolidatieproces tijdens de slaap 
vooral als functie heeft om de affectieve (en potentieel traumatiserende) lading van 
het geheugenspoor los te koppelen van diens feitelijke of informatieve inhoud door 
het geheugenspoor te integreren in corticale, semantische geheugennetwerken 
(Walker, 2009; Walker and van der Helm, 2009). Op deze manier wordt de feitelijke 
inhoud van de herinnering gewaarborgd, terwijl de autonome arousal die gepaard 
ging m et de oorspronkelijke ervaring afneemt en uiteindelijk verdwijnt. Onze 
resultaten suggereren nu dat cortisol dit proces kan faciliteren of versnellen, wat 
blijkt uit het geobserveerde consolidatievoordeel voor emotioneel geheugen in 
de aanwezigheid van afgenomen amygdalareactiviteit (als indirecte maat voor 
arousal).
Hoofdstuk 5: Komt Julie ooit nog terug  bij de jonge psychiater? /  Het effect van 
duloxetine op een amygdala-gecentreerd affectief netwerk
De laatste (hypothetische) fase van Julie’s emotioneel traumatische ervaring 
zijn de mogelijke pathologische gevolgen. Een normale stressrespons, inclusief een 
verhoogde alertheid op dreiging (hoofdstuk 2), een versterkt geheugen betreffende 
de stressvolle ervaring (hoofdstuk 4), en het tijdig uitzetten van de stressrespons 
(hoofdstuk 3), heeft een adaptieve functie. Echter, in het geval van extreme of 
langdurige stress, of bij fenotypisch kwetsbare individuen (Yehuda and LeDoux,
2007), kan er een situatie ontstaan van allostatische druk waarbij de middelen
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het doel voorbij schieten en voortdurende verstoringen van het LC-NE systeem 
of de hypofyse-hypothalamus-bijnier as (verantwoordelijk voor de productie 
van cortisol) ten grondslag liggen aan het ontstaan van stressgerelateerde 
psychiatrische ziekten (Krystal and Neumeister, 2009). Eén van die ziekten is 
depressie (naast PTSS). Huidige neuropathofysiologische modellen van depressie 
suggereren dat overactivatie van een (para)limbisch netwerk bestaande uit de 
amygdala, anterieure insula, het ventrale deel van de ACC (vACC) en thalamus, 
in combinatie m et een ontoereikende regulatie vanuit prefrontale gebieden, aan 
de basis ligt van de perceptuele en geheugen biases die karakteristiek zijn voor 
depressieve patiënten (Mayberg et al., 1999; Drevets, 2000; Phillips e t al., 2003a). 
Psychofarmaca die aangrijpen op stressgerelateerde neuromodulatoren, zoals 
NE of serotonine, worden met succes gebruikt in de behandeling van depressie, 
en werken mogelijk door de reactiviteit in dit amygdala-gecentreerde netwerk te 
reduceren (Anand et al., 2005; Chen et al., 2008). Echter, in depressieve patiënten 
gaan de geobserveerde veranderingen in netwerk (re)activiteit over het algemeen 
gepaard met een verbetering van stemming. In een poging om het directe effect 
van dit soort antidepressiva op hersenfunctie te onderzoeken, onafhankelijk van 
diens invloed op depressieve symptomatologie, hebben andere studies zich gericht 
op gezonde proefpersonen (Harmer et al., 2006; Norbury et al., 2007; Arce et al.,
2008). Deze studies rapporteren voornamelijk een afname in amygdala reactiviteit, 
maar wat het effect is van dit soort antidepressiva op de functionele integriteit van 
het affectieve netwerk als geheel is vooralsnog niet bekend. In het laatste hoofdstuk, 
hoofdstuk  5, onderzochten we daarom het effect van de subchronische (2 weken) 
toediening van de gecombineerde serotonine en NE heropname remmer duloxetine 
op de reactiviteit en functionele connectiviteit van het affectieve netwerk in een 
dubbelblinde, placebogecontroleerde studie. Als taak gebruikten we hiervoor een 
emotionele vergelijkingstaak m et bange en boze gezichtsuitdrukkingen (zie figuur 
1.2B) (Hariri et al., 2002; van Wingen et al., 2008). We vonden dat duloxetine 
niet alleen neurale responsen reduceerde in de amygdala, maar tevens in een 
uitgebreider (para)limbisch netwerk bestaande uit anterieure insula, vACC en 
thalamus. Deze gebieden worden verondersteld, als netwerk vooral betrokken te 
zijn bij de verwerking van saillante informatie en het genereren van emotioneel 
gedrag (Phan et al., 2002; Phillips e t al., 2003b; Seeley et al., 2007). Daarnaast 
bevorderde duloxetine de functionele koppeling tussen de amygdala en anterieure
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insula. Het type connectiviteitsanalyse gebruikt in deze studie geeft een maat van 
connectiviteit gedurende de gehele experimentele sessie (en dus onafhankelijk 
van taak condities), hetgeen suggereert dat de toediening van duloxetine leidt to t 
een continu verhoogde achtergrond communicatie tussen deze twee gebieden. 
In combinatie met de geobserveerde afname van amygdala en anterieure insula 
activiteit in de activiteitsanalyse, zou deze verhoogde achtergrond communicatie 
kunnen wijzen op een efficiëntere verwerking in beide gebieden afzonderlijk, 
waarbij de noodzaak tot hoge fasische responsen afneemt. Samengenomen 
suggereren deze resultaten dat duloxetine de bottom-up verwerking van saillante 
en potentieel aversieve informatie doet afnemen in hetzelfde affectieve netwerk wat 
verondersteld wordt ten grondslag te liggen aan emotionele disfunctie in depressie, 
terwijl het tegelijkertijd mogelijk de effectieve communicatie tussen bepaalde 
onderdelen van dit netwerk bevordert. Aangezien duloxetine in deze studie geen 
invloed had op verkregen angst- en stemmingsscores, geldt deze data als indirect 
bewijs dat dit type antidepressiva een normalisatie van de negatieve (perceptuele en 
geheugen) biases bewerkstelligt door direct de bottom-up verwerking van saillante 
informatie te reduceren in een (para)limbisch affectief netwerk, in plaats van via 
een indirect effect op de stemming. Tot slot vertoont het hier gerapporteerde (para) 
limbisch netwerk grote overlap met het stress/saillantie netwerk uit hoofdstuk 3, 
evenals met het saillantie netwerk gerapporteerd door Seeley en collega's (Seeley 
e t al., 2007). Dit suggereert dat ondanks het label affectief, wat voornamelijk in 
depressieonderzoek gebruikt wordt, de gerapporteerde gebieden in dit proefschrift, 
waaronder de amygdala, anterieure insula, ACC en thalamus waarschijnlijk een 
gedeeld netwerk vormen voor emotie, stress en saillantie.
Hoofdstuk 6: Algemene conclusies en discussie
Dit proefschrift kan gezien worden als een initiële poging om een aantal 
inzichten uit dieronderzoek rondom stress te vertalen naar het systeemniveau in 
mensen om zo beter te begrijpen wat er zich in het brein van Julie afspeelt tijdens 
haar stressvolle ervaring. D.m.v. beeldvormend onderzoek (fMRI) laten we zien 
dat de blootstelling aan een kortdurende experimentele stressor leidt to t een 
belangrijke verandering in het functioneren van de amygdala, waarbij de amygdala 
in een verhoogde staat van alertheid verkeert zowel tijdens het stressvolle moment 
zelf als gedurende de verschillende fasen van de nasleep. In de verschillende
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experimentele hoofdstukken laten we zien dat in een acuut stressvolle context de 
amygdala overgaat naar een hogere mate van sensitiviteit in de detectie van dreiging, 
ten koste van een lagere specificiteit (hoofdstuk 2). De onmiddellijke nasleep van 
het stressvolle moment wordt vervolgens gekarakteriseerd door aanhoudende, 
verhoogde activiteit van een stress/saillantie netwerk m et de amygdala als 
middelpunt (hoofdstuk 3). In hoofdstuk 4 laten we zien dat de toediening van 
cortisol tijdens de eerste nacht van geheugenconsolidatie leidt to t een betere, maar 
emotioneel gedepotentieerde herinnering aan de stressvolle gebeurtenis. Tenslotte 
laten we in hoofdstuk 5 zien dat duloxetine, een geneesmiddel dat gebruikt wordt om 
de pathologische gevolgen van stress te behandelen, een remmende werking heeft 
op de bottom-up verwerking van saillante stimuli door de amygdala en verbonden 
emotieregulerende regio's. Al deze resultaten worden visueel weergegeven in 
figuur 6.1, waarbij opgemerkt dient te worden dat deze figuur vereenvoudigd is ten 
aanzien van de realiteit, maar tegelijkertijd qua interpretatie verder gaat dan de 
empirische data uit dit proefschrift.
In paragraaf 6.2.1 The amygdala on alert, doen we een poging om deze 
resultaten te interpreteren in de context van het bovenbeschreven, recente idee 
dat de amygdala vooral functioneert als poortwachter en zich met name toespitst 
op de detectie van dreiging en de regulatie van vigilantie (Davis and Whalen, 2001; 
Phelps and LeDoux, 2005). Geprojecteerd op onze data komt dit samengevat op 
het volgende neer: tijdens het acuut stressvolle moment neemt de amygdala in zijn 
functie als poortwachter het zekere voor het onzekere in de detectie van potentieel 
gevaar. Wanneer de stressor vervolgens ophoudt te bestaan blijft de amygdala, als 
poortwachter, samen m et de andere onderdelen van een stress/saillantie netwerk, 
nog aanhoudend actief in de zoektocht naar saillantie tijdens de onmiddellijke 
nasleep van het stressvolle moment. Toediening van cortisol gedurende de eerste 
nacht van geheugenconsolidatie leidt vervolgens to t betere, maar emotioneel 
minder geladen herinneringen aan de stressvolle gebeurtenis, zodat de alarmfunctie 
van de amygdala tijdens het ophalen van dergelijke herinneringen afneemt. In 
stressgerelateerde ziekten zoals PTSS is er ten slotte sprake van een permanent 
verhoogde staat van alertheid m et zowel excessieve als nodeloze alarm signalen 
vanuit de amygdala. Wij laten zien dat het type geneesmiddel wat gebruikt wordt 
om deze stressgerelateerde ziekten te behandelen, w erkt door de amygdala (samen
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m et de andere regio’s van een em otie/stress/saillantie netwerk) te downreguleren 
in zijn functie als poortwachter.
In paragraaf 6.2.2 Implications for psychiatry speculeren we over de vraag 
of en hoe de resultaten in dit proefschrift informatief kunnen zijn voor een beter 
begrip van het ontstaan, en daarmee tevens de preventie, van psychologisch 
trauma. We kunnen zonder veel twijfel aannemen dat de gerapporteerde activatie- 
en connectiviteitspatronen in de verschillende hoofdstukken niet verder gaan 
dan normale, adaptieve responsen op matige, experimenteel geïnduceerde stress. 
Wat in deze paragraaf beschreven wordt, blijft dus grotendeels speculatief. Dit is 
evenwel belangrijk omdat vrijwel al het neuroimaging onderzoek op het gebied van 
PTSS zich richt op het moment waarop de ziekte zich reeds gemanifesteerd heeft 
en het precieze mechanisme achter het ontstaan van het trauma (en traumatisch 
geheugen) moeilijk te reconstrueren is. Samengevat komen onze speculaties 
op het volgende neer: Terwijl een verhoogde sensitiviteit voor dreiging tijdens 
stress in principe adaptief is (elke foutief negatieve, d.w.z. gemiste dreiging kan 
immers fataal zijn), vormt het mogelijk, in gevallen van pathologische stress, en in 
combinatie m et een verlaagde specificiteit (meer foutief positieven) de basis voor 
de zowel de excessieve als overgegeneraliseerde angstreacties, die gezien worden 
in PTSS (hoofdstuk 2) (Rauch et al., 2006). In hoofdstuk 3 interpreteren we de 
aanhoudende activatie van het amygdala-gecentreerde stress/saillantie netwerk in 
de onmiddellijke nasleep van stress als de verhoogd voortgezette zoektocht naar 
saillantie met daarbij mogelijk de geprioriteerde, onmiddellijke, NE-afhankelijke 
consolidatie van de stressvolle gebeurtenis. In gevallen van pathologische stress zou 
eenzelfde patroon van co-activatie binnen dit netwerk ten grondslag kunnen liggen 
aan een chronische staat van hyperalertheid en hyperarousal, en de NE-afhankelijke 
over-consolidatie van de stressgerelateerde herinnering, waardoor deze mogelijk 
traumatisch wordt (Pitman, 1989). Tot slot suggereert een aantal farmacologische 
studies dat cortisol een preventief effect heeft op het ontstaan van PTSS (Schelling 
e t al., 2006). Dit effect wordt meestal toegeschreven aan het inhiberende effect 
van cortisol op het ophalen van herinneringen, waardoor een vicieuze cirkel van 
spontaan (onwillekeurig) herinneren, herbeleven, en herconsolidatie tegengegaan 
wordt en de stressgerelateerde herinnering uiteindelijk vergeten wordt (de 
Quervain et al., 2009). In hoofdstuk 4 suggereren we dat cortisol tevens op een
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alternatieve manier traumatisch geheugen kan voorkomen, namelijk door de 
stapsgewijze reorganisatie van emotionele geheugensporen tijdens consolidatie/ 
slaap te faciliteren, waardoor de stressgerelateerde herinnering niet vergeten 
wordt, maar slechts ontkoppeld van zijn affectieve lading (Walker and van der 
Helm, 2009). Al deze speculaties zijn gebaseerd op de aanname dat de activatie- 
en connectiviteitspatronen geobserveerd in onze studies in feite lichtere varianten 
zijn van wat er gebeurt onder pathologisch hoge niveaus van stress. Het is evenwel 
mogelijk dat de werkelijke ontwikkeling van PTSS gepaard gaat m et een patroon 
van hersenactiviteit en fysiologische veranderingen dat niet zozeer kwantitatief, 
maar eerder kwalitatief verschilt van de stress zoals wij die experimenteel kunnen 
induceren in gezonde proefpersonen.
Hoofdstuk 6 eindigt vervolgens met een aantal experimentele suggesties, die zich 
o.a. toespitsen op farmacologische manipulaties om de veronderstelde relatie tussen 
verhoogde noradrenerge neurotransmissie en de hypervigilante verwerking uit 
hoofdstuk 2 en de aanhoudende, verhoogde zoektocht naar saillantie uit hoofdstuk
3 verder te onderzoeken. Daarnaast wordt verder ingegaan op experimentele 
mogelijkheden om de precieze rol van de amygdala tijdens het consolidatie proces 
te verduidelijken middels reactivatiestudies m et speciale aandacht voor de rol van 
de verschillende slaapstadia (SWS vs. REM) en de verschillende neuromodulatoren 
(NE en cortisol).
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